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The  Involvement  of  the  Immune  System  in  Neuronal  Plasticity 


The  two  projects  described  below  comprise  the  major  efforts  during 
the  one  year  duration  of  this  contract. 


I.  Cholinergic  Sprouting  in  the  Hippocampus  Following  Perforant  Path 
Damage :  A  Role  for  Interleukin-1 .  Fagan,  A.M,  and  Gage,  F.H. 

Damage  to  the  entorhinal  afferents  to  the  hippocampal  dentate  gyrus 
(i.e.  perforant  path)  leads  to  sprouting  of  the  remaining  intact  septal 
cholinergic  afferents  within  the  denervated  outer  molecular  layer.  To 
investigate  the  cellular  and  molecular  events  which  contribute  to  this 
sprouting  response  we  describe  the  temporal  sequence  of  cellular  changes 
in  the  denervated  zone  prior  to  the  observed  neural  reorganization.  Rats 
were  given  perforant  path  (PP)  transections  and  sacrificed  at  various  time 
points  following  the  lesion,  on  Days  (D)  1,2, 3 ,4, 5, 6,  and  30.  Coronal  sections 
at  the  level  of  the  dorsal  hippocampus  were  immunostained  to  localize 
microglia  (OX-42),  interleukin- 1  (IL-1)  and  astrocytes  (GFAP).  We 
observed  a  rapid  increase  in  the  number  of  microglia  in  the  denervated 
molecular  layer  within  the  first  day  following  PP  transection.  Adjacent 
sections  show  a  concomitant  increase  in  the  number  of  IL-1-  positive  cells. 
Reactive  changes  in  GFAP-positive  astrocytes  are  not  observed  Until  D4. 
This  time  course  of  events  suggests  a  role  of  microglia  in  astrocyte 
activation  in  vivo  via  production  of  IL-1,  and  supports  a  proposed 
hypothesis  postulating  a  cascade  of  glial  events  which  lead  to  cholinergic 
sprouting  following  PP  transection. 


II.  Fibroblast  Growth  Factors  Stimulate  Nerve  Growth  Factor  Synthesis  and 
Secretion  by  Astrocytes.  Yoshida,  K.,  and  Gage,  F.H. 


Nerve  growth  factor  (NGF)  is  produced  and  secreted  by  astrocytes 
and  fibroblasts,  but  not  by  microglia,  in  a  primary  non-neuronal  cell 
culture  derived  from  newborn  rat  brains  under  a  standard  culture 
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condition.  NGF  secretion  by  astrocytes  was  highest  just  after  passage  and 
then  gradually  decreased.  There  is  no  significant  difference  in  NGF 
secretion  by  astrocytes  from  five  sites  of  origin  tested:  cerebral  cortex, 
striatum,  hippocampus,  septum,  and  cerebellum.  Acidic  and  basic 
fibroblast  growth  factors  (aFGF  and  bFGF)  significantly  increased  NGF 
secretion  by  astrocytes.  The  effect  of  aFGF  was  greater  than  that  of  bFGF, 
and  the  effect  of  both  FGFs  was  not  additive  at  the  maximum 
concentration.  The  peak  of  NGF  secretion  stimulated  by  aFGF  occurred  3- 
12  h  after  the  addition  of  aFGF.  On  the  other  hand,  the  dramatic  increase 
in  cell  numbers  was  observed  12-48  h  after  stimulation,  and  the 
moiphological  change  became  significant  24  h  after  aFGF  stimulation.  NGF 
synthesized  by  astrocytes  is  rapidly  secreted  into  the  culture  medium  and 
aFGF  enhances  NGF  secretion  from  the  transcription  level,  because 
cycloheximide  and  actinomycin-D  completely  inhibited  NGF  secretion  by 
astrocytes  in  the  presence  or  absence  of  aFGF.  Epidermal  growth  factor 
(EGF),  interleukin-1  p  (IL-ip),  and  tumor  necrosis  factor-a  (TNF-a)  also 
increased  NGF  secretion  by  astrocytes  to  a  certain  extent.  NGF  secretion  by 
astrocytes  in  the  presence  of  a  maximum  dose  of  aFGF  was  enhanced  by 
the  addition  of  IL-lp  or  TNF-a,  but  not  EGF.  However,  platelet-derived 
growth  factor,  interleukin-3,  and  interleukin-6  had  no  significant  effects. 
FGFs  also  enhanced  NGF  secretion  by  fibroblasts  derived  from  meninges, 
but  not  by  microglia. 
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Cholinergic  Sprouting  in  the  Hippocampus:  A  Proposed  Role  for  IL-1 
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Dumuge  to  the  eiitorhtnal  afferent*  (i.o.,  perforant 
path)  to  the  hippocampal  dentate  gyms  leads  to  sprout* 
lag  of  the  remaining  intact  septal  cholinergic  alferents 
within  the  deitervutcd  outer  molecular  layer.  To  inves¬ 
tigate  the  cellular  und  molcculai  events  which  may  con¬ 
tribute  to  this  sprouting  response,  we  describe  the  tem¬ 
poral  sequence  of  cellular  changes  in  the  denervated 
rone  prior  to  tic:  obscr  'ed  neural  reorganization.  Huts 
were  giveu  perfornnt  path  (PP)  transect  ions  and  sacri¬ 
ficed  ut  various  time  points  following  the  lesion,  on 
llavs  (i>)  I,  2,  3,  -1,  5,  U,  and  lit).  Coronal  sections  at  the 
level  of  the  dorsul  hippocampus  wore  immunostained  to 
localize  microglia  (OX-12),  interleukin- 1  (ll.-i),  and 
ustroclyles  (GFAP).  We  observed  a  rapid  increase  in 
the  number  of  immunoreuctive  microglia  in  the  den'  r- 
vated  molecular  layer  within  the  lirst  day  following  PP 
transection.  Parallel  sections  show  a  concomitant  in¬ 
crease  in  the  number  of  11,-1 -positive  cells.  Maximal 
reactive  changes  (i.c.,  hypertrophy  and  increase  in  num¬ 
ber)  in  GKAP-positive  astrocytes  are  not  observed  until 
1)5.  This  time  course  of  events  suggests  a  role  of  micro- 
glia  in  astrocyte  activation  in  vino  via  production  of  11.- 
1  und  oilers  support  for  u  proposed  hypothesis  postulat¬ 
ing  a  cascade  of  glial  events  which  may  leud  to  choliner¬ 
gic  sprouting  following  PP  transection.  ■<  iuuii  Acmirmtc 

I'ftikH,  1  HAS* 


INTRODUCTION 

Damage  to  the  adult  CNS  initiates  a  variety  of  mor¬ 
phological  changes  in  neural  organization.  Controversy 
exists,  however,  us  to  whether  these  “plastic”  responses 
result  in  a  restoration  of  normal  circuitry  leading  to 
functional  recovery  or  represent  a  disorganized 
rearrangement  of  neural  inputs.  Disorganized  or 
aberrant  reinnervation  could  theoretically  play  a  com¬ 
pensatory  role  in  recovery  of  function  or,  conversely, 
may  exacerbate  damage-induced  dysfunction.  In  either 
case,  the  mechanisms  responsible  for  neural  reorganiza¬ 
tion  are  not  understood.  To  investigate  the  cellular  and 
molecular  events  associated  with  damage-induced  reor¬ 
ganization,  we  have  used  the  rat  hippocampus  as  a 
model  system. 

Damage  to  theentorhinal  inputs  (i.e.,  perforant  path) 
to  the  hippocumpal  dentate  gyrus  leads  to  robust  and 


well-characterized  sprouting  responses  by  the  remain¬ 
ing  intact  alferents:  (i)  The  commissural  and  associa- 
tional  projections,  which  normally  innervate  the  inner 
molecular  layer  (MI.)  of  the  dentate  gyrus,  expand  their 
terminal  fields  into  the  denervated  outer  ML  after  en- 
torhinul  lesions  (1,  7,  46);  (it)  the  crossed  temporoam- 
monic  tract,  which  sends  a  minor  projection  to  the  outer 
ML  of  the  dentate  gyrus  (27),  increases  in  density  after 
entorhinal  dumuge  (fill);  und  (iii)  there  is  an  increase  in 
acetylcholinesterase  (AChE)  content  (64)  and  staining 
intensity  in  the  normally  sparse  septal  alferents  termi¬ 
nating  in  the  outer  ML,  suggesting  an  increase  in  the 
number  of  septal  libers  or  terminals  (6,  44,  61).  Ultra- 
siructuru!  studies  have  confirmed  an  increase  in  density 
of  terminals  over  time  in  the  deafferented  zone  follow¬ 
ing  entorhinal  damage  (67,  48,  49).  We  have  focused  on 
cholinergic  sprouting  in  the  outer  ML. 

In  addition  to  neuronal  events,  changes  in  glial  cell 
populations  have  been  observed  in  the  outer  molecular 
zone  during  degeneration  of  the  perforant  path  (PP) 
and  the  subsequent  sprouting  of  the  septal  cholinergic 
libers  following  dumuge.  Nissl  stains  have  shown  an  in¬ 
crease  in  the  number  of  glial  cells  in  this  area  over  time 
(45).  with  the  increased  incidence  of  cells  at  the  early 
time  points  being  attributed  to  the  proliferation  of  the 
local  microgliul  population  (19,  70).  In  addition,  others 
have  reported  astrocyte  hypertrophy  (45,  58)  and  in¬ 
crease  in  number  (18)  following  deafferentation.  We 
speculate  that  glial  cell  activation  is  necessary  for  the 
cholinergic  sprouting  responses  observed  after  PP  dam¬ 
age.  These  cellular  events  may  furthermore  provide 
clues  as  to  the  identity  of  the  specific  molecules  involved 
in  neural  reorganization. 

Trophic  factors  have  been  postulated  to  play  a  role  in 
cholinergic  sprouting.  Recent  evidence  has  shown  that 
nerve  growth  factor  (NGF)-like  activity  is  increased  in 
the  dentate  gyrus  following  PP  lesions  (8),  and  NGF-re- 
ceptor-positive  fibers  show  patterns  of  lesion-induced 
reorganization  similar  to  those  of  the  sprouting  septal 
fibers  visualized  with  AChE  histochemistry  (28).  There¬ 
fore,  we  suggest  that  the  cholinergic  sprouting  observed 
in  the  outer  ML  may  he  elicited  by  an  increase  in  NGF 
activity  in  this  zone.  Astrocytes  have  been  reported  to 
produce  NGF  as  well  as  other  neurotrophic  and  neurite- 
promoting  factors  in  vitro  (14,  17,  80, 88, 40,  51, 69, 71). 
Others  have  shown  that  IL-1  regulates  the  synthesis  of 
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TABLE  1 


Description  ami  Inummostaimng  Parameters  of  the  Primary  and  Secondary  Antibodies 


Antibody 

Source 

Type 

Known  specificity 

Dilution  and 
incubation 

Is  GPAP 

Gift  from 

1,.  F.  Eng 

Polyclonal  rabbit  lg(J  against 
(i*<'A  protein  from  huinui,  MS 
plmp.ua 

Recognizes  human  und  rat  GFAP 

1:1000, 24  h  at  4*C 

2“ 

Vector  hub* 

Ilioliuyluled  goat  anti-rabbit  |g(i 

Recognizes  rabbit  Ig(l 

1:200,  1  h  at  RT 

1°  OX  42 

Serotec 

Monoclonal  moui.e  lg(i  agoinat 
membrane  polypeptide  ol  rat 
resident  peritoneal 
macropbagea 

Recognizes  complement  receptor  CR-3 
on  itiosi  rat  tnucropbagcs,  including 
resident  peritoneal  and  activuted 
mneruphuges,  Kuptfer  cells,  dendritic 
cells,  granulocytes,  und  bruin  microglia 

1:100,  48  h  at  4“C 

2° 

Vector  hubs 

liiotinylnlcd  borne  anti-mimae 

Igti 

Recognizes  mouse  lg(l 

1:160,  1  h  ut  RT 

1“  IL-1 

(■enzyme 

Monoclonal  mouse  IgM  against 
naturally  derived  human  IL-1 

Recognizes  human  sinus  macrophages 
ami  li  cells,  and  murine  keratinocytes 
ami  monocytes 

1:100,  48  h  at  4°C 

2° 

Vector  hub* 

liiotinylnlcd  goal  anli-mou.se  IgM 

Recognizes  mouse  IgM  (p  chain  specific) 

1:150,  1  h  ut  RT 

1“  N(iF-r 

Gift  from 

E. Johnson 

Monoclonal  moose  li)2-lg(! 
against  plasma  membrane 
proteins  ol  Pti  12  cells 

Recognizes  rat  NGF-receplor 

1:100,  24  h  ut  RT 

2U 

Vector  laillti 

liiotinylnlcd  borne  noti-oioiine 
igt; 

Recognizes  mouse  Igti 

1:150,  1  h  ut  RT 

NGF  in  nonneuronal  ceils  of  the  damaged  rat  sciutic 
nerve  (39)  and  that  11*1  is  most  likely  secreted  from 
activated  macrophages  in  the  vicinity  of  the  damaged 
sciatic  nerve  (32).  Activated  microglia  from  the  GNS 
produce  IL-1  in  vitro  (23, 31),  and  ID- 1  stimulates  astro¬ 
cyte  proliferation  in  vitru  (21,  23,  21)  and  in  vivo  (25). 
More  recently,  '"'rohlasl  growth  factors  and  11,-1  have 
been  shown  to  enhance  production  of  NGF  hy  rat  astro¬ 
cytes  in  vitro  (K.  Yoshida  and  F.  Gage,  unpublished  ob¬ 
servations). 

Taken  together,  these  results  demonstrate  (i)  glial  ac¬ 
tivation  in  the  deail'erented  outer  molecular  zone  alter 
1JP  damage,  (ii)  u  role  for  11,-1  in  the  proliferation  of 
astrocytes,  (iii)  that  activated  microglia  and  macro* 
phugescan  secrete  11,-1,  and  (iv)  that  11,-1  can  activate 
NGF  synthesis  in  astrocytes  and  other  nonneuronal 
cells.  On  the  busis  of  these  findings  we  make  the  follow¬ 
ing  suggestion  for  the  course  of  events  that  leads  to  the 
cholinergic  sprouting  response  in  the  dentate  gyrus  fol¬ 
lowing  deallerentnlin:'.  (18):  Perforanl  pathway  damage 
induces  terminal  degeneration  from  the  cells  that  are 
transected  in  tin-  entorhinal  cortex.  This  terminal  de¬ 
generation  activates  microglia  to  phagocytize  in  the  re¬ 
stricted  deaiferenleo  zone.  Activated  microglia  produce 
uud  subsequently  release  11,-1  into  the  surrounding  envi¬ 
ronment,  which  in  turn  induces  the  activation  of  astro¬ 
cytes.  The  activated  astrocytes  then  secrete  NGF  into 
this  denervaled  region,  which  results  in  the  attraction  of 
NGK-responsive  cholinergic  fibers.  As  initial  support 
for  this  working  hypothesis,  the  present  study  outlines 
the  temporul  relations  between  glial  cell  activation  af¬ 


ter  PP  lesions  and  proposes  a  role  for  IL-1  in  the  dam¬ 
aged  CNS. 


METHODS 

Subjects.  Seventy-two  adult  female  Sprague-Daw- 
ley  rats  weighing  between  225  and  275  g  were  used.  Ani- 
muls  were  deeply  anesthetized  with  a  mixture  of  keta¬ 
mine  (75  mg/kg),  llompun  (4.0  mg/kg),  and  aceproma- 
zine  (5.6  mg/kg)  and  placed  in  a  Kopf  stereotaxic 
apparatus.  Much  rat  received  a  unilateral  aspirative  le¬ 
sion  of  the  retrosplenial  cortex,  which  resulted  in  the 
transection  of  the  perfornnt  path.  Animals  were  sacri¬ 
ficed  at  1, 2,  3,  4,  5,  6,  and  30  days  (D1-D6,  D30)  follow¬ 
ing  the  lesion.  At  least  four  animals  were  used  in  each  of 
the  lime  points.  Four  additional  animals  were  used  as 
unoperated  controls. 

Histology.  Hats  were  deeply  anesthetized  and  per¬ 
fused  through  the  heart  with  100  ml  of  0.9%  saline  fol¬ 
lowed  by  250  ml  of  cold  4%  paraformaldehyde  iu  0.1  M 
phosphate  buffer  (PH;  pll  7.4).  The  brains  were  re¬ 
moved  from  the  ckull,  postfixed  overnight,  and  then  im¬ 
mersed  in  30%  sucrose  in  PB  for  2  days.  Tissue  sections 
were  cut  at  35  pm  in  the  coronal  plane  on  a  freezing 
sliding  microtome  and  stored  in  cryoprotectant  (glyc¬ 
erol,  ethiyene  glycol,  and  PB)  until  processing.  For  each 
animal,  adjacent  sections  through  the  level  of  the  dorsal 
hippocampus  were  processed  for  AChE  histochemistry 
according  to  a  modified  Karnovsky-Iioots  method  or 
stained  with  cresyl  violet  to  visualize  cell  bodies  or  with 
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H(i.  1.  Suliuimilicilliialriiliimofllielii|)|iiii'iim|)iibii(  tliu  liivul  of 
unulyaib  uml  tin-  veutrul  lent'  til'  (lie  ilvntutu  (iyrua  (IXJ)  (inaoi)  in 
which  all  meuxtinniiL'iiU  were  iihtuiiiud.  (iruati  iliiiiuiiaiimnl  mciiMire- 
meiiU  were  uhiuiueil  from  one  repreeuutulive  eurouul  section  sliiineil 
with  cresyl  viutut  from  each  unimul.  Length  (I.)  corresponds  to  the 
medial  lateral  length  (in  pm)  of  the  dentate  granule  cell  layur  provid¬ 
ing  the  dorsal  huiindary  of  the  examined  molecular  layer  (Ml.). 
Width  (W)  corrcspum’x  to  the  doisal  ventral  width  of  the  Ml.  (in 
pm).  Mean  width  values  were  calculated  from  three  positions  along 
the  ventral  leal  of  the  1X1.  Area  (crosshatch)  coriesponds  to  the  area 
of  the  Ml.  in  the  coronal  plane  (in  pm'1).  This  area  provides  the  hnund- 
uries  within  which  all  cellular  analyses  were  performed. 

antibodies  recognizing  gliul  fibrillary  acidic  protein 
(GKAP),  microglia  (OX-42),  interleukin- 1  (IL-1),  or 
NGF-receptor  (NGP-_r).  Procedures  lor  peroxidase  im- 
mtmohislocbemisiry  were  as  follows  (i)  2  X  10  min  rinse 
in  0.1  M  Tris-bnll'ered  saline  (TBS,  pH  7.4)  to  remove 
any  cryoprotectant;  (ii)  00- min  incubation  in  ().(>%  lHO.^ 
in  TBS  to  Hock  endogenous  peroxidase  activity;  (iii)  2 
X  10  min  rinse  in  TBS  containing  0.25%  Triton  X-100 
detergent  (TBS-X);  (iv)  incubation  in  primary  antibody 
in  TBS-X  with  0%  secondary  host  serum  for  appro¬ 
priate  time  (Table  1);  (v)  2  X  10  min  rinse  in  TBS-X 
with  1%  secondary  host  serum  (S);  (vi)  incubation  in 
biotinylated  secondary  antibody  in  TBS-X-S  lor  1  h  at 
room  temperature;  (vii)  2  X  10  min  rinse  in  TBS-X-S; 
(viii)  incubation  in  avidin  D-pciuxidase  complex  (1:100, 
Vector  Labs)  for  l  h  at  room  temperature;  (ix)  2  X  10 
min  rinse  in  TBS;  and  (x)  ebromagen  developmen<  in 


0.025%  3-0-diaminobenzidine  tetrachloride  (DAB)  with 
0.4%  NiC!2  and  0.09%  H202  in  I'BS  for  5-15  min.  After 
processing,  sections  were  rinsed,  mounted  onto  gelatin- 
coated  slides,  dried  overnight,  dehydrated  through 
gruded  alcohols,  and  coverslipped.  Controls  for  anti¬ 
body  staining  specificity  included  incubation  in  primary 
antisera  without  the  subsequent  secondary  and  incuba¬ 
tion  in  the  secondary  antibody  without  the  prior  pri¬ 
mary. 

Quantification.  Rats  from  each  time  point  were  cho¬ 
sen  for  quantitative  analysis  on  the  basis  of  our  ability 
to  detect  immunolabeling  reproducibly  between  stained 
sections.  The  few  brains  that  showed  perfusion  or  sec¬ 
tioning  artifacts  were  not  included  in  the  quantitative 
analyses,  but  were  evuluuted  qualitatively  along  with 
the  rest.  Quantitative  analyses  were  carried  out  on  a 
single  representative  section  for  each  animal  at  compa¬ 
rable  levels  of  the  dorsal  hippocampus  for  the  different 
staining  procedures,  so  comparisons  between  stains  and 
sections  between  animals  can  be  made.  PP  transection 
denervates  the  dorsal  hippocampus  throughout  its  ros¬ 
tral-caudal  extent,  so  a  single  coronal  section  is  repre¬ 
sentative  of  reactive  changes  occurring  throughout  the 
deuervated  urea.  Lesioned  hippocampal  sides  were  eval¬ 
uated,  and  sections  from  unoperated  controls  were  eval¬ 
uated  bilaterally. 

A  Cue-2  image  analysis  system  (Olympus  Corp.)  was 
used  to  enhunce  the  image  display  to  facilitate  manual 
counting  of  immunopositive  cells  and  determine  gross 
dimensionul  measurements  of  the  ML.  Statistical  evalu¬ 
ations  of  all  measurements  were  made  with  ANOVAs, 
and  post-hoc  Dunnett  comparisons  were  performed  to 
assess  individual  group  differences. 

Cresyl  violet.  For  sections  stained  with  cresyl  violet, 
the  total  number  of  cells  in  the  ML  of  the  ventral  leaf  of 
the  dentate  gyrus  (DO)  were  calculated  (Fig.  1).  Average 
width  measurements  of  the  ML  (dorsal-ventral  dimen¬ 
sion)  were  calculated  from  three  positions  along  the 
ventral  leaf  of  the  DG  for  each  animal.  In  addition,  esti¬ 
mates  of  the  length  of  the  dentate  granule  cell  (GC) 
layer  bordering  the  ML  (medial-lateral  dimension)  and 
the  area  of  the  ML  (in  pm2)  were  obtained. 

OX-42,  cnti-IL-l,  and  anti-GFAP.  Values  for  im- 
munostained  tissue  are  reported  as  the  total  number  of 
immunopositive  cells  in  the  ML  of  the  ventral  leaf  of 
the  DG. 

RESULTS 

PP  lesion.  Sections  stained  with  cresyl  violet  and  for 
AChlC  were  examined  to  evaluate  the  extent  of  the  le¬ 
sion  (Fig.  2).  The  lesion  destroyed  parts  of  the  dorsal 
portions  of  the  perirhinal  cortex  and  transected  the  PP. 
In  some  cases  parts  of  the  visual  cortex  and  parietal 
cortex  were  damaged.  In  all  cases  the  corpus  cullostim 


Kid.  2.  Photoiiiicrnginphs  (il  the  lesion  employed  t<>  transect  the  peril. runt  path  mid  patterns  of  At'.hK  ((’,  D)  and  NdP-rocepCor  (K,  P) 
filler  staining  in  the  normal  (C,  K|  and  denervnted  (I),  PI  hippocampus.  (A)  Sehematie  illustration  of  a  horizontal  section  through  the 
hippocunipus  (left  =  rostral)  showing  orientations  ot  pyramidal  eells  ol  the  CA  fields  und  granule  cells  of  the  dentute  gyrus.  Cells  of  the 
onloihinul  cortex  project  to  the  dentate  gyrus  through  the  suhicuhiui  via  the  perforaul  path.  (II)  Photomicrograph  of  u  horizontal  section 
studied  with  cresyl  violet  showing  a  unilateral  lesion  of  I  he  perloran:  path.  (1»  An  increase  in  density  of  ACh  ({•positive  fibers  in  the  molecular 
luyer  of  the  dentate  gyrus  is  observed  HO  days  following  the  lesion  as  compared  to  the  normal  pattern  (C).  NdP-receptor  immunoreuctivily  in 
the  molecular  luyer  ut  Day  HO  (p)  is  also  increased  relative  to  control  (hi).  Abbreviations:  dg,  dentate  gyrus;  KC,  entorhinnl  cortex;  gr,  granular 
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overlying  the  medial  portions  of  the  hippocampus  was 
destroyed.  The  eifectivoness  of  the  lesion  was  verified 
by  observing  an  increase  in  ACliIS  stuining  in  the  outer 
ML  of  the  00  30  days  following  the  lesion  (Fig.  2).  Put- 
terns  of  NGF-r-positive  fibers  in  the  ML  following  deuf- 
ferentution  closely  resemble  those  of  AChlS,  supporting 
the  idea  that  this  sprouting  response  is  supported 
by  NGF. 

dross  morphology.  Gross  morphological  changes  in 
the  dentate  gyrus  following  deatlerentation  were  as¬ 
sessed  on  tissue  stained  with  cresyl  violet  (OV;  Table  2). 
Area  measurements  (in  /im*)  of  the  ML  of  the  ventral 
leaf  of  the  1)0  were  not  statistically  different  from  uno- 
peruled  control  values.  Measures  of  the  mediul-laterul 
length  of  the  granule  cell  (OC)  layer  providing  the  dor¬ 
sal  boundary  of  the  examined  ML  were  not  different 
from  controls  at  any  time  point.  Measurements  of  the 
dorsal-ventral  width  of  the  deufferented  ML,  however, 
were  different  from  control  values  by  4  days  postlesion 
(F  -  7.05,  l1  <  0.01).  This  significant  decrease  in  width 
represents  a  shrinkage  of  15%  of  normal  width  (/•’ 
=  7.05,  F  <  0.01),  compurable  to  other  published  reports 
(1,  4,  7,  45).  By  30  duys  postlesion,  the  differences  in 
width  represented  a  shrinkage  of  29%,  To  avoid  possible 
misinterpretation  due  to  this  tissue  shrinkage  over  time, 
quantitative  changes  in  cell  populations  are  reported  us 
the  totul  number  of  cells  rather  than  the  cell  density. 

Cresyl  violet.  In  normal,  unlesioned  tissue,  the  ML 
of  the  DO  is  relatively  homogeneous  in  terms  ol  cell 
types.  With  the  exception  of  scattered  interneurons,  the 
ML  is  neuron-free.  Smaller,  denser  staining  glial  cell 
bodies  are  distributed  evenly  throughout  (he  ML. 
Within  1  week  following  deal lerentat ion  of  the  ML  by 
PP  transection,  the  totul  number  of  glial  cells  increases 
as  a  function  of  postoperative  time  (/•’  -  1 1.14,  F  <  0.01; 
Fig.  3A,  Fig.  4).  By  30  days  post  lesion,  the  total  number 
of  cells  has  returned  to  normal. 

OX-12.  In  the  unlesioned  udult  rat  brain,  cells  ini* 
munolubeled  with  OX-42  are  sparsely  scattered 
throughout  the  ML  of  the  DO.  Staining  profiles  show 
small  cells  extending  one  or  two  thin  processes,  Imuge- 
enhunced  conditions  are  usually  required  for  reliable 
identification  and  quantification  under  high  power 
magnification.  After  PP  transection,  most  OX-42-posi- 
tive  cells  in  the  deaflerented  ML  take  on  a  very  different 
appearance  and  differ  in  their  distribution  within  the 
ML.  Lubeled  processes  are  thicker,  and  the  number  of 
stained  processes  per  cell  increases  dramatically  (Fig. 
5).  'Phe  staining  pattern  often  resembles  a  halo  of  pro¬ 
cesses  surrounding  u  smull  cell  body.  This  hypertrophic 
profile  is  not  observed  in  unlesioned  tissue  and  is  less 
representative  of  cells  at  later  time  points  (c.g.,  D5  and 


Dt>).  In  addition,  these  reactive  microglial  cells  ipsilat- 
era!  to  the  lesion  are  most  often  selectively  distributed 
within  the  deufferented,  outer  portions  of  the  ML.  Quan- 
titutively,  there  is  a  rapid  increase  in  the  total  number  of 
OX-42-pjsitive  cells  in  the  ML  witch.  the  week  follow¬ 
ing  PP  transection  (/*'  =  5.48,  F  <  0.0! ).  This  increase  is 
apparent  within  24  h  following  the  lestc  and  the  cell 
number  remains  elevated  throughout  the  time  points 
observed  (Fig.  3B).  By  30  days  postlesion,  the  number  of 
OX-42-positive  cells  in  the  deaflerented  ML  has  re¬ 
turned  to  normal  control  values. 

IL-l.  Cells  stained  for  1L-1  exhibit  cytoplasmic 
staining  profiles,  with  the  reaction  product  within  the 
penkarya.  The  few  lubeled  cells  in  the  normal  rat  brain 
DO  ere  typically  snail  and  scattered  very  sparsely 
.  hroughout  the  ML.  After  deufferentation,  immuno- 
pcsitive  cells  in  the  ML  appear  larger  and  often  more 
darkly  stained,  although  staining  intensity  was  not  sys¬ 
tematically  evaluated  (Fig.  6).  In  a  few  cases  at  the  later 
time  points  (e.g.,  D3-DG),  a  pattern  of  diffuse  immuno- 
reactivity  restricted  to  the  outer  ML  was  observed,  sug¬ 
gesting  extracellular  localization  of  IL-l  (data  not 
shown).  Following  PP  transection,  the  total  number  of 
cells  immunopositive  for  IL-I  increases  in  the  outer  ML 
compared  to  normal  control  values  ( F  =  17.80,  P 
<  0.01 ).  'Phis  increase  in  cell  number  is  apparent  within 
24  h  following  Lhe  lesion,  but  the  number  returns  to 
normal  control  values  by  Day  5  (Fig.  3C). 

UFAF.  OFAP-positive  astrocytes  are  distributed 
evenly  throughout  the  ML  in  the  normal  rat  brain.  Im- 
munosiuiuing  is  observed  within  the  soma  and  thin  pro¬ 
cesses  of  the  cells.  Following  PP  transection,  OFAP- 
positive  cells  in  the  denervated  ML  become  hypertro¬ 
phic.  Lubeled  processes  become  thicker,  and  the  cell 
somu  uppears  to  swell  (Fig.  7).  At  the  longer  time  points 
(e.g.,  1)5  and  1)6),  individual  processes  often  cannot  be 
distinguished.  In  addition  to  hypertrophic  changes,  the 
number  of  OFAP-positive  cells  in  the  denervated  area 
increases  within  the  week  following  the  lesion  (F ~  7.32, 
F  <  0.01;  Fig.  3D).  By  30  days  postlesion,  values  have 
returned  to  those  of  normal  controls.  One  normal  con¬ 
trol  lmd  an  extraordinary  number  of  OFAP-positive 
cells  in  the  ML.  Since  the  value  was  two  standard  devia¬ 
tions  higher  than  the  group  mean,  this  animal  was  ex¬ 
cluded  from  further  analysis. 

DISCUSSION 

The  present  study  was  undertaken  to  determine  the 
sequence  of  events  preceding  septal  cholinergic  sprout¬ 
ing  in  the  outer  molecular  layer  of  the  dentute  gyrus 
following  perfornnl  path  transection.  Our  observations 


hiyer;  un,  inner  molecular;  1,,  lesion;  uni,  outer  molecular,  po,  polymorphic  urea,  pp,  perforiuit  putli;  S,  .sutiiculum.  Magnification:  (B)  X5;  (C-F) 
X-lO.ti. 
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Gross  Dimensional  Measurements  of  the  Molecular  Layer  of  the  Ventral  Leuf  of  the  Dentate  Gyrus  at  Various  Time  Points 

(Duys  1-0,  30)  following  Perforant  Path  Trunsection 


Day 

Area 

(,im<  X  1(H)) 

1. until  h 
(|<m  X  10) 

Width 

(pm) 

%  Normal  width 

0  (/i  »  8)* 

2872  A  130.4 

1500  A  00.0 

225  a  3.0 

100.3  A  0.02 

l  (ii  -  0) 

2775  a  133.1 

1543  A  58.7 

222  A  3.4 

08.7  A  0.02 

2  (h  «  7) 

2000  A  230.5 

'.•188  A  03.5 

202  A  11.3 

94.7  A  0.02 

3  (ii  “  8) 

3014  A  137.3 

1534  A  00.2 

200A  8.3 

01.9  A  0.04 

4  (n  “  (5) 

2851  A  103.0 

I.VJ5  A  72.1 

101  A  8.6* 

85.0  A  0.04* 

6  (ii  “  4) 

24HU  A  117.3 

M77  A  58.4 

101  A  4.0* 

85.0  A  0.02* 

C  (ii  »  4) 

2305  ±  80.0 

13l>8  1  41.4 

184  A  5.0** 

81.8  A  0.03** 

30  (ii  =  6) 

2208  A  130.7 

1437  A  58.3 

100  A  8.2** 

71.6  A  0.04** 

Note  Vulues  ure  obtained  from  one  representative  see,  ion  stained  wit  It  e  rosy  I  violet  front  cttcli  animal. 

*0  indieulus  (lie  unoperated  control  group,  n  indicates  the  iiuoiber  of  animals  in  each  group,  and  vulues  ure  reported  us  the  mean  A  S12M. 
*  *•  Statistical  dillerences  trom  control  values  actording  to  Donnell  post  •hoe  comparisons  ul  the  /'  <  0.05  and  /'  <  0.01  levels,  respectively. 


suggest  a  rapid  microglial  activation  and  concomitant 
11,-1  production,  followed  by  hypertrophy  and  increase 
in  number  of  GPAP-positive  astrocytes  in  the  dener- 
vated  outer  molecular  zone.  We  propose  that  these 
events  reflect  specific  denervution-relnted  phenomena 
in  that  the  observed  changes  in  glial  cell  populations  ute 
most  often  spatially  restricted  to  the  deufferented  zone 
and  temporally  coincide  witli  the  known  degeneration 
und  subsequent  regeneration  putlerns  following  deaf- 
ferentution. 


OX-42 

OX-42  recognizes  the  complement  receptor  CIl-3,  the 
rat  homoiogue  to  the  human  iC3b  receptor,  a  mem¬ 
brane-bound  antigen  common  to  a  subset  of  mucro- 
pliages  (57).  OX-42  immunoreactivily  reveals  cells  con¬ 
forming  to  the  traditional  descriptions  of  microgliu  in 
the  brain.  These  cells  typically  have  small,  elongated 
cell  Dodies  with  smull,  dense  nuclei.  One  or  two  thin 
cytoplasmic  processes  extend  chiefly  from  both  poles  in 
the  undamaged  adult  rat  brain.  Similar  stuining  profiles 
attributed  to  microglia  have  been  observed  in  the  rodent 
brain  stained  with  silver  stains  (10,  20,  34,  59),  ML-1 
lectin  (68),  lectin  OSA  I-B4-I11U’  (65),  and  the  macro¬ 
phage-specific  murine  antibody  I'M/HD  (55). 

in  the  undamaged  adult  bruin  microglia  are  consid¬ 
ered  functionally  dormant  or  quiescent.  In  response  to 
damage,  these  cells  transform  into  “reactive”  or  “acti¬ 
vated"  microglia  (42).  Morphologically,  nctivuted  mi¬ 
croglia  become  rounded  via  retraction  of  their  pro¬ 
cesses,  and  functionally,  they  exhibit  motile,  prolifera¬ 
tive,  und  phagocytic  properties.  This  functional 
transformation  with  morphological  chunge  1ms  been 
demonstrated  in  vitro,  with  transformation  of  rounded, 
ameboid  microglia  into  ramified,  process-hearing  mi¬ 


croglia  associated  with  the  loss  of  proliferative  and 
phagocytic  capabilities  (21,  52). 

In  the  present  study,  we  define  microglia  as  “acti¬ 
vated"  by  observing  changes  in  cellular  morphology 
demonstrated  by  OX-42  immunolabeling  profiles.  We 
huve  not  yet  determined  if  these  cells  are  phagocytizing 
or  proliferating.  Morphologically,  OX-42-positive  cells 
appear  to  increase  their  process  arborization  in  re¬ 
sponse  to  damage,  not  retract  their  processes  as  de¬ 
scribed  in  the  classic  early  literature  (10,  53).  Whether 
(his  change  represents  a  true,  albeit  paradoxical,  mor¬ 
phological  transformation  or,  alternatively,  reflects  an 
upregulution  of  the  Cll-3  antigen  is  not  certain.  Little  is 
known  about  how  microgliul  activation  and  transforma¬ 
tion  are  regulated  in  situ. 

What  Is  the  Origin  of  OX-42-Immunoreactive  Cells  in 

the  Ueneruulud  ML  following  PP  Transection ? 

Controversy  exists  as  to  whether  the  “reactive”  mi¬ 
crogliu  which  appear  in  response  to  damage  are  derived 
from  a  population  of  cells  intrinsic  to  the  CNS  or  are 
monocytic  macrophages  of  hematogenous  origin,  invad¬ 
ing  the  damaged  area  from  the  bloodstream.  Studies  re¬ 
port  diilerences  in  the  origin  of  brain  macrophages  de¬ 
pending  on  the  nature  of  the  injury  (2,  21,  54,  62).  Re¬ 
ports  demonstrate  an  extrinsic,  hematogenous  origin  of 
bruin  macrophages  in  traumatic  wounds  in  which  the 
blood-brain  harrier  (BBB)  is  severely  disrupted,  as  in  a 
stub  wound  (9, 33, 35, 36, 56),  and  an  endogenous  origin 
in  areas  of  Wallerian  and  retrograde  degeneration  (16, 
4 1 , 60, 66, 67).  Our  data  from  tissue  stained  with  OX-42 
are  consistent  with  this  distinction.  In  the  present  para¬ 
digm,  the  BBB  is  disrupted  by  the  lesion,  but  the  analy¬ 
ses  are  carried  out  at  distances  up  to  2  mm  distal  from 
the  lesion.  In  the  wound  area  we  often  observe  round 
cells  immunopositive  for  OX-42,  which  are  most  likely 
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A.  CV  B.  OX-42 


DAYS  FOLLOWING  PP  DAMAGE 


C.  IL-1 


D.  GFAP 


FIG.  3.  Line  graph*  elmwing  the  number  ol Yells  stuiiiid  will,  .resyl  violet  (CVI.  OX-42,  ...iti-IL-l,  mul  niiti-GFAP  in  the  molecular  layer 
ol  llte  denlule  gyrus  aa  a  lumilun  ol  the  nuinher  of  days  following  perloruiil  pull,  irm.he.  lion.  Values  are  obtained  from  a  representative 
coronal  section  lor  eucli  animal  ami  lire  reported  as  the  mean  nuinher  of  cells.  Brror  Imrs  indicate  SUM.  Numbers  in  parentheses  correspond  to 
the  number  «|  animals  in  each  group.  ‘•‘Indicates  statistical  dillerences  fro...  control  values  according  to  Dunnelt  j.ost-hoc  comparisons  nt 
the  1‘  <  .05  und  i'  <  .01  levels,  respectively. 


macrophages  infiltrating  from  the  bloodstream  (data 
not  shown).  Cells  with  this  morphology  tire  not  seen  in 
the  deuflerented  ML.  Instead,  we  observe  in  the  Ml. 
OX-42-posilive  cells  with  the  morphological  charttct er¬ 
istics  of  microglia.  These  observations  are  consistent 
with  reports  of  morphologically  distinct  forms  of  macro¬ 
phages  in  the  dumaged  CNS,  hot  do  not  directly  address 
their  origin. 


Cells  immunolabeled  with  OX-42  observed  in  the  ML 
may  arise  from  cells  intrinsic  to  the  CNS  which  have 
somehow  been  “activated”  and  thereby  upregulate  the 
CR-d  receptor.  Alternatively,  macrophages  from  the 
bloodstream  may  traverse  the  capillary  endothelium  in 
areas  of  CNS  degeneration  and  transform  to  a  more 
branched  morphology.  Hither  scenario  could  account 
lor  the  pattern  of  OX-42-positive  cells  in  the  deader- 
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Fl(i.  1.  lligli-puwer  |iliuloimcrogru|>lis  showing  the  molecular  layer  of  the  denlule  gyrus  stained  with  cresyl  violet  from  a  normal  control 
(A)  ami  *1  days  following  pcrfnranl  jmlli  iraoseiiioii  til).  Alihreviations;  gr,  granular  layer;  im,  inner  molecular;  inn,  outer  molecular,  |)0, 
|)olynior|illic  areu.  Magiriheation,  a)  III. 


FIG.  7.  Low-power  (A,  B)  and  high-power  (C,  D)  photomicrographs  showing  sections  from  the  dentate  gyrus  immunostained  for  glial  fibrillary  acidic  protein  (GFAP)  from  a 
normal  control  (A,  C)  and  4  days  following  perforant  path  transection  (B,  D).  Abbreviations:  gr,  granular  layer,  im,  inner  molecular;  om,  outer  molecular;  po,  polymorphic  area. 
Magnification:  (A,  B)  X52;  (C,  D)  X209. 
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euted  ML  without  verifying  their  origin.  More  direct 
studies  investigating  the  origin  of  these  cells  ure  in 
progress. 

IL-1 

We  do  not  observe  lL-l-innmuiorenclive  libers  in  hy¬ 
pothalamic  ureas,  its  reported  hy  Super  and  colleagues 
(3)  for  human  tissue.  In  fact,  very  few  cells  in  the  normal 
adult  rat  brpin  show  positive  staining  for  1L- 1 .  Antibody 
species  specificity  may  contribute  to  this  discrepancy. 
However,  within  24  h  following  PI’  transection,  many 
IL-l-immunopositive  cells  are  se?n  in  the  denlferented 
ML.  This  pultern  is  consistent  with  biochemical  data 
demonstrating  no  meusuruble  IL-1  activity  in  normal 
adult  rat  brain  (25)  and  increased  levels  in  extracts  of 
injured  brain  (24), 

Two  distinct  but  reluted  forms  of  human  1L- 1  (or  and 
/J)  have  been  isolated  (47).  Both  share  biological  activ¬ 
ity;  mediating  the  induction  of  IL-2  synthesis  by  thymo¬ 
cytes,  stimulating  rat  astrocyte  proliferation  in  vitro 
(21,  26),  and  regulating  the  synthesis  of  N(!F  in  non¬ 
neuronal  cells  of  the  damaged  rut  sciatic  nerve  (39).  Re¬ 
cently,  cDNAs  for  rat  1L-  hr  and  have  been  cloned  (SO) 
and  exhibit  73%  and  77%  sequence  identity  to  the  hu¬ 
man  forms,  respectively.  The  monoclonal  antibody  used 
in  the  present  study  is  directed  against  naturally  de¬ 
rived  human  IL-1  protein.  This  antibody  neutralizes 
both  «  and  f)  forms  of  the  human  protein,  as  well  as 
murine  IL-1,  so  the  present  dulu  do  not  address  possible- 
distinctions  between  the  roles  of  or  and  /f  forms  of  IL-1  in 
this  paradigm.  Specific  sluining  with  polyclonal  antibod¬ 
ies  directed  ugainst  the  a  and  /I  forms  of  the  human 
protein  (Oenzyme,  Boston,  MA)  could  not  be  demon¬ 
strated.  Antibodies  to  the  rat  forms  are  unavailable  at 
the  present  time. 

To  demonstrate  the  staining  specificity  of  the  mono¬ 
clonal  antibody  to  humun  IL-1,  we  attempted  to  block 
immunostaining  by  preadsorbing  the  antibody  with  1L- 
1  protein.  We  were  unable  to  block  staining  convinc¬ 
ingly  since  we  could  not  obtain  sufiicient  titers  of  the 
purified  protein  within  budget  limits  (anti-human  IL-1 
=  42  mg/ml  (Oenzyme),  purified  human  JL-1  -  2000 
pg/ml  (Endogen)).  However,  standard  control  sections 
in  which  the  primary  or  secondary  antibodies  were 
omitted  showed  no  positive  staining,  demonstrating  an¬ 
tibody-specific  staining  profiles  (duta  not  shown). 

Do  Microglia  Produce  IL-1  in  Response 

to  PP  Transection ? 

IL-1  is  a  macrophage-derived  cytokine  that  mediates 
a  number  of  immunological  and  inflammatory  re¬ 
sponses  (13).  Mononuclear  phagocytes  arc  considered 
t  he  most  pot  ent  secret  ors  of  IL-1  (12).  Microglia,  consid¬ 
ered  phagocytes  of  the  brain,  produce  IL-1  in  vitro  (22, 
23,  31)  und  are  the  hypothesized  source  of  IL-1  in  vivo 


during  CNS  development  in  the  rat  (21,  26)  and  follow¬ 
ing  penetrating  brain  injury  in  the  adult  (24,  25).  A  re¬ 
cent  report  demonstrates  IL-1  immunoreactivity  local¬ 
ized  to  astrocytes  and  microglial-like  cells  in  brain  tis¬ 
sue  from  patients  with  Alzheimer’s  disease  and  Down’s 
syndrome  (29).  Enriched  astrocyte  cultures  have  been 
shown  to  be  capable  of  producing  IL-1,  but  to  a  much 
lesser  extent  (15,  23). 

In  the  present  paradigm,  microglial  activation,  as  de¬ 
fined  by  changes  in  OX-42-immunostaining  profiles, 
spatially  and  temporally.coincides  with  degenerative 
changes  in  the  transected  entorhinal  afferents  (5, 37, 43, 
45,  64).  The  presence  of  degenerative  debris  may  pro¬ 
vide  u  signal  for  microglia  in  the  area  to  phagocytize 
and,  in  the  process,  produce  IL-1.  Only  microglia  stimu¬ 
lated  to  phagocytize  produce  IL-1  in  vitro  (22,  23,  31). 
The  rapid  und  concurrent  appearance  in  parallel  sec¬ 
tions  of  OX-42-positive  microgliu  and  cells  immunola- 
beled  for  IL-1  is  consistent  with  the  idea  that  reactive 
microglia  produce  IL-1  in  vivo  in  response  to  PP  tran¬ 
section.  Demonstration  of  colocalizalion  of  OX-42  and 
1L- 1  immunoreactivity  in  the  same  cell  is  necessary  to 
provide  definitive  support  for  this  hypothesis.  In  addi¬ 
tion,  studies  investigating  in  situ  localization  of  rat  IL-1 
mKNA  in  this  model  are  in  progress. 

IL-1  immunoreactivity  returns  to  normal  control  val¬ 
ues  by  Do,  the  time  ut  which  the  number  of  astrocytes  is 
maximal.  In  u  few  cases  at  these  later  time  points  we 
observe  a  diffuse  pattern  of  IL-1  immunoreactivity  re¬ 
stricted  to  the  outer  ML,  suggestive  of  extracellular  lo¬ 
calization.  The  lug  between  the  immediate  appearance 
of  cells  immunoposilive  for  IL-1  and  subsequent  astro¬ 
glia!  hypertrophy  and  increase  in  number  suggests  that 
astrocytes  ure  not  the  primary  cellular  source  of  IL-1  in 
this  model.  Furthermore,  the  sequential  pattern  is  com¬ 
patible  with  the  proposed  role  of  IL-1  in  mediating  as¬ 
trocyte  proliferation. 

(U'AP 

GFAP  is  an  intermediate  filament  protein  specific  to 
astrocytes  in  the  CNS.  GFAl’-positive  astrocytes  are 
normally  distributed  throughout  the  dentate  gyrus  in 
tiie  adult  rat  brain  und  undergo  reactive  changes  in  the 
ML  following  PP  transection.  Iinmunolabeled  pro¬ 
cesses  become  thicker  and  the  cell  soma  appears  to  get 
larger.  These  hypertrophic  changes  can  be  observed 
within  the  first  few  days  following  deafferentation,  be¬ 
coming  more  robust  with  time,  consistent  with  other 
published  reports  (45,  58).  Astrocytes  in  the  ML  also 
inc  reuse  in  number  by  23%  of  their  normal  value  by  5 
days  following  the  lesion,  a  few  days  after  the  microglial 
response.  'Phis  sequential  pattern  is  in  agreement  with 
other  reports  of  astrocyte  activation  following  micro¬ 
glial  uctivution  in  dumuged  tissue  (11,  19,  65,  66,  70). 
Furthermore,  this  sequence  of  events  is  consistent  with 
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FKJ.  8.  Schematic  illmUratum  t lie  prupnsi-d  m|itci.rc  »('  event*  in  l he  molecular  luycr  of  the  dentate  gyrus  on  representative 

duys  billowing  perloruut  path  transection.  (I  indicates  a  granule  cell  and  its  basic  dendritic  arbor.  SKI*  and  HNT  represent  nlferenls  to  the 
granule  cell  trom  the  septum  and  ipsilulcral  entorhinal  cortex  (via  the  perlbranl  path),  respectively.  Horizontal  lines  illuslrule  topography 
within  the  muleculur  luyer  us  well  as  relative  synaptic  densities  of  each  atlereni  projection.  Abbrevintions:  gr,  grumdur  Inyer;  sg,  supragranular 
layer;  im,  inner  muleculur;  out,  (alter  molecular. 


the  working  hypothesis  postulating  rapid  microglial  ac¬ 
tivation  and  IL-1  production  followed  hy  astrocyte  acti¬ 
vation  in  response  to  1*1*  transection. 

Are  Glial  Celia  Proliferating  in  lies/ionae 

to  Pl‘  Transection '{ 

Since  the  ML  is  relatively  free  of  neurons,  glial  celis 
account  for  the  majority  of  cells  stained  with  cresyl  vio¬ 
let  in  this  area.  Within  a  week  following  1*1*  transection 
we  observe  an  increase  in  total  cell  number  over  time  in 
accordance  with  other  published  reports  (-15).  Figure  HA 
depicts  a  rapid  33%  increase  in  the  number  of  cells 
within  24  h  after  the  lesion  followed  hy  a  slower  rise 
prior  to  reaching  asymptotic  levels  at  1)4  or  1)8.  Al¬ 
though  cresyl  violet  cell  counts  do  not  discriminate  be¬ 
tween  specific  glial  subtypes,  this  time  course  correlates 
with  the  rapid  OX-42  changes  observed  at  Dl  and  the 
subsequent  monotonic  rise  in  the  number  of  (IFAl*- 
positive  cells.  Furthermore,  an  increase  in  the  number 
of  cells  in  the  entire  ML  suggests  that  there  is  an  addi¬ 
tion  of  cells  following  damage,  not  merely  a  migration  of 


cells  from  the  inner  ML  to  the  outer  ML  as  proposed  by 
others  (58).  Ily  30  duys  following  the  lesion,  the  total 
number  of  cells  in  the  ML  returns  to  normal  control 
values,  consistent  with  other  reports  (45).  This  decline 
from  the  previous  increases  observed  within  a  week 
post  lesion  may  reflect  a  death  of  cells  or  a  migration  out 
of  the  ohseived  molecular  zone. 

The  coincidental  early  and  rapid  increase  in  the  num¬ 
ber  of  cells  stained  with  cresyl  violet  and  those  with 
OX-42  suggests  that  they  represent  the  same  cell  popu¬ 
lation.  Interpretation  of  the  increase  in-number  of  cells 
imimiiiorenclive  for  OX-42  is  ambiguous.  This  increase 
could  reflect  ah  upregulation  of  the  CR'3  receptor  on 
cells  intrinsic  to  the  CNS.  In  this  case,  a  fixed  number  of 
total  cells  stained  with  cresyl  violet  would  be  predicted. 
Alternatively,  the  increase  in  number  of  OX-42-positive 
cells  could  result  from  the  proliferation  of  the  small 
number  of  intrinsic  immunoreactive  microglia  or  an  in¬ 
vasion  of  bematogenously  derived  ceils  expressing  the 
antigen..  The  increased  number  of  cells  observed  in  sec¬ 
tions  stained  with  cresyl  violet  suggests  an  addition  of 
cells,  he  it  due  to  proliferation  or  invasion  from  the  pe- 
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riphery.  Studies  employing  (:,ll|tliymidme  to  label  pro¬ 
liferating  cells  in  vivo  are  in  progress. 

The  23%  increase  in  the  number  of  cells  iuununo- 
slained  for  GFAP  observed  in  the,  present  study  sug¬ 
gests  astrocyte  proliferation  in  the  ML  in  response  to 
deall'erentution.  With  respect  to  the  proposed  working 
hypothesis,  this  suggestion  is  consistent  with  the  known 
role  of  11,-1  in  promoting  astrocyte  proliferation  in  vitro. 
Previous  studies  of  this  model  system  report  astrocyte 
hypertrophy  without  proliferation  (45, 58).  (Jail  and  col¬ 
leagues  (19)  concluded  that  microglia,  identified  accord¬ 
ing  to  morphological  criteria,  ure  the  most  common  pro¬ 
liferative  element  within  the  hippocampus  following 
deafferentaliou  of  the  ML,  although  it  was  noted  that 
astrocytes  were  sometimes  observed  to  contain  radioac¬ 
tive  label  as  well.  A  previous  study  from  this  laboratory 
reported  a  61%  increase  in  astrocyte  number  in  the  ML 
by  4  days  postlesion  (18).  The  present  study  differs  from 
the  previous  one  in  both  histological  and  quantification 
methods,  so  the  magnitude  of  the  effect  cannot  be  di¬ 
rectly  compared. 

As  u  final  point,  a  close  inspection  of  Kig.  3  indicates 
that  the  combined  total  number  of  cells  stained  with 
OX-42  and  aoli-GFAl*  is  less  than  the  number  stained 
with  cresyl  violet  ut  all  time  points  observed.  This  dis¬ 
crepancy  may  reflect  immunoslaining  of  a  subpopula¬ 
tion  of  microglia  and/or  astrocytes  or  alternatively  may 
indicate  the  presence  of  other  cell  types,  e.g.,  oligoden¬ 
drocytes,  or  lymphocytes,  e.g.,  T  or  11  cells,  which  have 
infiltruled  from  the  periphery  in  response  to  dealferen- 
l  at  ion  of  the  ML. 

corv  XIJSIONS 

The  results  of  the  present  study  describe  a  sequence 
of  events  preceding  septal  cholinergic  sprouting  in  the 
outer  ML  of  the  I)(5  following  IT  transection  (Kig.  8). 
At  the  cellular  level,  microglia  become  activated  prior  to 
reactive  changes  in  the  ustrocyle  population.  An  in¬ 
crease  in  the  number  of  OX-42  positive  microglia  is  ob¬ 
served  within  24  It  following  the  lesion,  whereas  astro¬ 
cyte  hypertrophy  and  increase  in  number  becomes  max¬ 
imal  4  days  later.  At  the  molecular  level,  production  of 
1L-1  precedes  the  astrocyte  response.  The  appearance 
of  cells  immunolaheled  for  1L-1  parallels  that  of 
OX-42-positive  microglia,  but  1L-1  immunoreactivity 
returns  to  norutul  control  values  by  1)5,  the  time  at 
which  changes  in  (JKAK-positive  astrocytes  become  pro¬ 
nounced.  Together  these  observations  are  consistent 
with  the  hypothesis  that  terminal  degeneration  rapidly 
activates  microgliu  to  phagocyti/.e  and,  in  so  doing,  pro¬ 
duce  1L-1.  1L-1  is  then  released  into  the  surrounding 
environment  and  in  turn  induces  activation  of  astro¬ 
cytes.  Further  studies  will  investigate  the  role  of  astro¬ 
cyte-derived  trophic  and/or  tropic  factors  (e.g.,  N(IK, 
laminin,  basic  KGK)  as  the  next  hypothesized  step  in  the 


sequence  of  moleculur  events  responsible  for  eliciting 
and  perhaps  maintaining  the  reorganization  of  cholin¬ 
ergic  nfferenls  to  the  ML  following  PI*  transection. 
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Following  fimbria/fornix  transect!  ’n,  ceils  in  the  medial  septum  appear  to  undergo  retrograde  degeneration  as  shown  by  Nissl  and 
acetylcholine  esterase  (AChE)  stain  ng.  Recent  studies  using  immunocytochemica!  techniques  have  also  demonstrated  loss  of  choline 
acetyltransferase  (ChAT)  and  nerve  growth  factor  receptor  (NGFr)  labeling  of  neurons  in  this  region.  Whether  the  apparent  loss  of  ChAT- 
and  NGFr-positive  neurons  is  the  result  of  the  actual  death  of  these  neurons,  or  is  instead  a  loss  of  ChAT  enzyme  or  NGFr  expression  below 
levels  detectable  by  immunocytochemical  methods,  remains  an  unresolved  issue.  In  order  to  address  this  question,  rhodamine-labeled 
fluorescent  latex  microspheres  were  injected  into  the  hippocampus  where  they  were  retrogradely  transported  to  the  cell  bodies  of  the  medial 
septum.  Five  days  later  these  animals  received  either  unilateral  or  bilateral  fimbria/fornix  lesions  and  were  allowed  to  survive  an  additional 
4  weeks.  Compared  to  unlesioned  control  animals,  unilaterally  lesioned  animals  showed  a  91%  loss  of  fluorescently  labeled  cells  and  bilaterally 
lesicned  animals  showed  a  93%  loss.  The  inability  to  detect  the  fluorescent  microspheres  in  the  medial  septum  suggests  that  ihe  majority  of 
medial  septal  cells  die  after  fimbria/fornix  transection.  ChAT  and  NGFr  immunohistochemical  staining  were  also  performed.  Cells  stained  for 
ChAT  were  reduced  in  number  by  92%  in  animals  with  unilateral  lesions  and  by  75%  in  animals  with  bilateral  lesions,  while  NGFr-stained 
cells  were  reduced  in  number  by  75%  in  animals  with  unilateral  lesions  and  by  68%  in  animals  with  bilateral  lesions.  Of  note,  several  cells 
were  double-labeled  for  both  fluorescent  microspheres  and  either  ChAT  or  NGFr  after  both  unilateral  or  bilateral  lesions,  suggesting  that  not 
all  hippocampally  projecting  cholinergic  cells  of  the  medial  septum  die  after  fimbria/fornix  transection.  Issues  concerning  cell  dysfunction  and 
death  are  discussed. 


INTRODUCTION 

Cholinergic  cells  of  the  medial  septum  project  to  the 
dorsal  hippocampus  through  the  fimbria/fornix  (FF)  basal 
forebrain  fiber  bundle8  20  25-39.  Either  partial  or  complete 
lesions  of  this  projection  result  in  retrograde  degenera¬ 
tion  of  cholinergic  cell  bodies  of  the  medial  septum  as 
shown  by  choline  acetyltransferase  (ChAT)  immunocyto- 
chemistry,  acetylcholine  esterase  (AChE)  staining,  and 
generalized  loss  of  large  diameter  neurons  visualized  with 
Nissl  stains2-10-29.  The  de6eneration  of  these  septal 
neurons  results  in  loss  of  cholinergic  input  to  the  dorsal 
hippocampus. 

Recently,  it  has  been  suggested  that  cell  dysfunction 
rather  than  cell  death  may  occur  in  the  septum  following 
FF  lesions14,  and  that  loss  of  AChE  staining  or  ChAT 
labeling  represents  loss  of  transmitter  enzyme  expression 
in  the  dysfunctional  cells.  The  latter  suggestion,  however, 
has  not  been  supported  by  recent  investigations  of 
Montero  and  Hefti26.  Studies  in  other  transmitter  systems 
have  indicated  that  loss  of  transmitter-related  enzymes 
indeed  can  occur  despite  cell  survival  after  a  lesion19-33,41. 
Thus,  whether  septal  cholinergic  cells  that  project  to  the 
hippocampus  become  dysfunctional  or  actually  die  after 


axotomy  remains  controversial.  The  resolution  of  this 
issue  is  of  broad  relevance  since  the  septohippocampal 
projection  serves  as  a  major  conduit  of  subcoi  tical  input 
to  the  hippocampal  formation1,  possesses  unique  elec- 
trophysiological  properties32-42,  is  uniquely  dependent 
upon  a  continuous  supply  of  nerve  growth  factor  (NGF) 
for  normal  function  in  the  adult  animal11-15-45,  and 
provides  a  useful  model  of  memory  function27-28.  For 
example,  it  has  been  demonstrated  that  intracerebroven- 
tricular  infusion  of  NGF  following  FF  lesions  will  prevent 
degeneration  of  septal  cells  as  assessed  by  AChE  staining 
and  ChAT  labeling11-15-18-45.  However,  if  septal  cell  dys¬ 
function  rather  than  cell  death  occurs,  then  transient  in¬ 
fusions  of  NGF  to  save  septal  cells  might  be  unnecessary. 
Instead,  reconstruction  of  the  septohippocampal  projec¬ 
tion  might  be  facilitated  by  methods  that  promote  axonal 
regeneration  and  restitution  of  NGF  retrogradely  trans¬ 
ported  from  the  natural  target  source,  the  hippocampus. 

To  determine  whether  cell  dysfunction  or  death  results 
after  FF  lesions,  we  have  used  rhodamine-labeled  fluo¬ 
rescent  latex  microspheres  to  label  cells  prior  to  FF 
transection.  Rhodamine  microspheres  are  retrogradely 
transported  across  damaged  axon  terminals  into  the  cell 
body,  where  they  remain  detectable  in  the  cytoplasm  for 
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TABLE  I 


Injections  of  fluorescent  microspheres  at  given  coordinates  relative  to 
bregma  (in  mM) 


injection 

AP 

ML 

VD 

1 

-2.55 

-1.4 

3.4 

2 

-3.14 

-1.0 

3.6 

3 

-3.60 

-2.4 

3.2 

4 

-4.16 

-2.0 

3.2 

periods  of  at  least  10  weeks  in  vivo  and  1  year  after 
fixation16.  They  possess  hydrophobic  surfaces  that  adhere 
to  cell  membranes,  are  non-toxic  to  the  cell,  and  appear 
to  remain  inert  within  the  cytoplasm16.  Fluorescence  is 
lost  upon  exposure  to  lipid-soluble  substances  (as  during 
some  tissue-fixation  procedures)  and  upon  cell  lysis 
occurring  with  death.  Thus,  if  cells  survive  the  FF  lesion, 
then  they  should  remain  labeled  with  microspheres;  if 
cells  die,  the  label  should  disappear.  In  the  current 
experiment  animals  were  injected  with  fluorescent  micro¬ 
spheres  and  underwent  FF  lesions  5  days  later;  histolog¬ 
ical  analysis  was  performed  after  an  additional  4-week 
survival  period. 

MATERIALS  AND  METHODS 

Female  Sprague-Dawley  rats  (200-220  g)  were  used  throughout 
this  study,  and  were  housed  in  standard  laboratory  cages  with  free 
access  to  food  and  water.  The  rats  were  divided  into  one  of  3  groups: 
a  control  group  (n  ■=  9)  without  FF  lesions,  a  unilateral  FF  lesion 
group  (n  =  9).  and  a  bilateral  lesion  group  («  =  9).  All  animals 
received  injections  of  fluorescent  microspheres  as  detailed  in  Table  I. 

Microsphere  injection 

Injections  were  placed  into  the  dorsal  hippocampus  to  maximally 
label  neurons  projecting  through  the  FF1.  Under  deep  anesthesia,  the 


FLUOR.  CELLS  IN  MEDIAL  SEPTUM 


Fig.  I.  Loss  of  fluorescence  after  fimbria-fomix  (FF)  lesions.  Graph 
demonstrates  a  91%  decrease  in  fluorescently  labeled  medial  septal 
cells  in  animals  after  unilateral  FF  lesions  compared  to  control 
animals,  and  a  93%  decrease  in  bilaterally  lesioned  animals. 
•  denotes  significance  of  difference  -  P  <  O.uuOl, 


rat  was  mounted  in  a  Kopf  stereotaxic  apparatus.  A  midline  incision 
was  made  of  the  scalp,  the  periosteum  was  scraped  and  the  skull  was 
cleaned  with  5%  HjOj.  A  hole  was  drilled  at  each  of  the  4  coordinates 
given  in  Table  I  .  Next  100  nl  of  rhodamine  fluorescent  microspheres 
(Lumaflor  Inc.,  New  City,  NY)  were  injected  into  each  site  through  a 
1  p\  Hamilton  syringe.  Microspheres  were  injected  over  10  min, 
followed  by  a  5-min  wait  and  then  slow  withdrawal  of  the  syringe.  The 
wound  was  closed  with  wound  clips. 

Fimbria/fornix  lesions 

Five  days  after  microsphere  injections,  animals  receiving  FF  lesions 
were  reanesthetized  and  the  scalp  wound  re-opened.  A  2-mm  square 
piece  of  skull  was  removed  just  lateral  to  midline  and  caudal  to  bregma. 
A  unilateral  or  bilateral  aspirative  lesion  of  the  FF  and  supracallosal 
striae  was  made  as  described  previously1*.  The  wound  was  reclosed,  and 
animals  were  sacrificed  4  weeks  later. 

Histology 

Each  animal  was  perfused  with  100  ml  cold  0.1  M  phosphate- 
buffered  saline  (PBS)  followed  by  300  ml  4%  formalin  in  PBS.  The 
brains  were  removed,  postfixed  overnight  in  the  same  fixative,  and 
then  left  for  3  days  in  phosphate  buffer  containing  30%  sucrose  at  4  *C. 
The  brains  were  frozen  with  dry  ice  and  coronal  sections  were  cut  at 
■Wfim  with  a  sliding  microtome  and  collected  in  24-well  tissue  culture 


Fig.  2.  Photomicrograph  of  a  fluorescently  labeled  cell  (blue-green  ultraviolet  filter;  200x). 
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CHAT-IR  CELLS  IN  MEDIAL  SEPTUM 


Fig.  3.  Reduction  of  ChAT  staining  after  FF  lesions.  Graph 
demonstrates  a  92%  decrease  in  ChAT-positive  cells  in  unilaterally 
lesioned  animals  compared  to  control  animals,  and  a  75%  decrease 
in  bilaterally  lesioned  animals.  Group  1  -  control  animals  (no 
lesions);  group  2  »  unilateral  FF  lesions;  group  3  **  bilateral  FF 
lesions.  *  denotes  significance  of  difference  between  lesioned  sides 
relative  to  unlesioned  controls  (P  <  0.0001). 


plates  (Flacon)  containing  cryoprotectant  (glycerol/ethylene-glycol/ 
phosphate  buffer).  Sections  were  taken  rostrally  from  the  medial 
septum/vertical  limb  diagonal  band  (MS/VD8)  complex  and  caudally 
through  the  extent  of  the  dorsal  hippocampus.  Every  fourth  section  was 
alternately  processed  for  fluorescence,  Cresyl  violet,  and  ChAT  or 
NGFr  immunocytochemistry. 

Sections  to  be  studied  for  fluorescence  were  mounted  onto  gelatin- 


coated  slides  after  3  rinses  in  PBS.  These  sections  were  briefly  dipped 
in  PBS  before  analysis  to  enhance  contrast.  It  was  found  that 
fluorescence  was  best  appreciated  when  sections  were  not  exposed  to 
alcohol  rinses  and  were  not  coverstipped, 

Fluorescently  labeled  tissue  sections  were  examined  both  to  verify 
the  accuracy  of  injection  sites  in  the  hippocampus  and  to  count 
retrogradely  labeled  cells  in  the  MS  and  VDB.  Fluorescently  labeled 
cells  were  counted  through  8  sections  that  included  MS/VDB.  The 
sections  were  examined  under  20 x  magnification  using  a  counting  grid 
(0.5  x  0.5  mm)  that  entirely  covered  the  areas  of  interest. 

CliAT  immunocytochemistry  was  conducted  as  reported  previously*. 
Briefly,  the  procedure  consisted  of:  (1)  overnight  incubation  of  a 
polyclonal  antibody  against  ChAT4  (courtesy  of  L.  Hersh)  of  veriGed 
specificity  after  1:1500  dilution  with  0.1  M  Tris-saline  containing  1% 
goat  serum  and  0.25%  Triton  X-100;  (2)  incubation  for  1  h  with 
biotinylated  goat  anti-rabbit  IgG  (Vector  Laboratories)  diluted  1:200 
with  Tris-saline  containing  1%  goat  serum;  (3)  1-h  incubation  with 
avidin-biotinylated  peroxidase  complex  (Vector  Laboratories)  diluted 
1:1000  with  Tris-saline  containing  1  %  goat  serum;  and  (4)  treatment  for 
15  min  with  0.05%  solution  of  3,3'-diaminobenaidine,  0.01%  H20J( 
and  0.04%  nickel  chloride  in  0.1  M  TKs-buffer.  Immunolabeled  tissue 
sections  were  mounted  onto  gelatin-coated  glass  slides,  air-dried,  and 
covered  with  Permount  and  glass  coverslips. 

Nerve  growth  factor  receptor  (NGFr)  immunocytochemistiy  was 
conducted  similarly  to  ChAT  immunocytochemistry.  Primary  NGFr 
monoclonal  antibody  (192-IgG)  (courtesy  E.  Johnson)  specific  for 
NGFr40  was  obtained  from  a  hybridoma  cell  culture  supernatant. 
Primary  NGFr  antibody  was  used  at  1 : 100  dilution  in  a  24-h  incubation, 
diluted  in  horse  serum  rather  than  goat  serum. 

Counting  of  ChAT  or  NGFr-positive  cells  in  the  medial  septum  was 
performed  under  light  microscopy  employing  3  40  /im-thick  sections 


Fig.  4.  ChAT  immunohistocbemical  staining  in  medial  septal  region.  A:  medial  septal  region  contralateral  to  side  of  FF  lesion  in  unilaterally 
lesioned  animal,  demonstrating  normal  appearance  of  ChAT-immunoreactive  cell  bodies  and  processes.  B:  medial  septal  region  ipsilateral  to 
side  of  FF  lesion.  Degeneration  of  cholinergic  cell  bodies  and  processes  is  evident.  100x. 
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NGFr-lR  CELLS  IN  MEDIAL  SEPTUM 


GROUPS 

Fig.  5.  Reduction  of  NGFr  staining  after  FF  lesions,  Graph 
demonstrates  a  75%  decrease  in  NGFr-positive  cells  after  unilateral 
FF  lesions  and  a  70%  decrease  after  bilaterM  lesions,  compared  to 
unlesioned  animals.  Groups  1-3  as  in  Fig.  3.  *  denotes  significance 
of  difference  between  lesioned  sides  relative  to  unlesioned  controls 
( P  <  0.0001). 


located  approximately  160, 320  and  480 /tm  rostral  to  the  decussation 
of  the  anterior  commissure.  The  sections  were  analyzed  with  a  10x 
objective  using  a  0.5  x  0.5  mm  counting  grid.  Cells  labeled  positively 
with  peroxidase  reaction  product  and  possessing  either:  (1)  a  cell  body 
with  emerging  fiber:  or  (2)  a  cell  body  with  well-defined  nucleus  were 
counted.  Results  were  expressed  as  percentage  of  control  animals  in 
both  unilaterally  and  bilaterally  lesioned  animals. 

Sections  stained  for  ChAT  or  NGFr  were  also  examined  under 
fluorescence  to  detect  double-labeling  with  microspheres.  Fluorescence 
was  impaired  by  immunohistochemical  processing  as  noted  previous¬ 


ly14,  but  occasional  double-labeled  cells  were  seen  and  quantified. 
Statistical  analysis 

Group  differences  were  assessed  by  a  one-way  ANOVA.  Post- 
Neuman-Keuls  was  used  to  assess  individual  group  differences 
between  control,  lesioned  and  bilaterally  lesioned  animals. 

RESULTS 

Two  animals,  one  from  the  unilateral  lesion  group  and 
one  from  the  bilateral  lesion  group,  died  before  the  end 
of  the  experiment.  An  additional  animal  was  excluded 
from  the  fluorescence  study  based  upon  poorly  placed 
dye  injections.  Nissl  staining  on  the  remaining  animals  (8 
per  group)  revealed  that  all  lesioned  animals  had  com¬ 
plete  transections  of  the  FF,  including  all  midline  fibers. 

As  reported  previously16,  the  bulk  of  a  microsphere 
injection  remained  well-localized  to  the  injection  site. 
Following  unilateral  FF  lesions,  a  91%  decrease  in  the 
number  of  septal  cells  labeled  by  microspheres  occurred 
when  compared  to  unlesioned  animals  ( P  <  0.0001;  Figs. 
1  and  2).  A  93%  loss  occurred  on  the  side  of  the 
fluorescent  injection  in  bilaterally  lesioned  animals, 
compared  to  unlesioned  animals.  Approximately  10%  of 
labeled  cells  were  found  contralateral  to  the  side  of 


Fig.  6.  NGFr  immunohistochemical  staining  in  medial  septal  region.  A:  medial  septal  region  in  control  animal  without  FF  lesion,  demonstrating 
normal  appearance  of  NGFr-immunoreactive  cell  bodies  and  processes.  B:  medial  septal  region  in  animal  following  bilateral  FF  lesion. 
Degeneration  of  NGFr-positive  cell  bodies  and  processes  is  evident. 
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injection  in  unlesioned  animals,  confirming  previous 
reports  of  limited  bilateral  hippocampal  projections  of 
septal  fibers1. 

ChAT  staining  showed  a  92%  decrease  in  labeled  cells 
ipsilateral  to  the  FF  iesion,  corresponding  to  previous 
reports2,  and  a  75%  decrease  in  bilaterally  lesioned 
,  animals  (Figs.  3  and  4).  Despite  the  limitations  on 
detection  of  cells  labeled  simultaneously  for  ChAT  and 
fluorescent  microspheres,  double-labeled  cells  were  de¬ 
tected  both  in  control  and  lesioned  animals.  In  3  animals 
with  bilateral  FF  lesions,  3  cells  were  double-labeled  in 
the  VDB  (a  structure  that  projects  to  the  dorsal  hippo¬ 
campus  in  a  manner  similar  to  that  of  the  medial 
septum)1,9,23. 

NGFr  staining  showed  a  75%  decrease  in  the  number 
of  labeled  cells  ipsilateral  to  the  lesion  in  unilaterally 
lesioned  animals,  and  a  70%  decrease  in  bilaterally 
lesioned  animals  (Figs.  5  and  6),  corresponding  to  a 
previous  report26.  Double-labeling  for  NGFr  and  micro¬ 
spheres  suffered  from  limitations  similar  to  those  encoun¬ 
tered  with  ChAT  immunocytochemistry,  yet  a  total  of  4 
MS  cells  and  14  VDB  cells  were  double  labeled  in 
FF-lesioned  animals  (3  MS  cells  and  6  VDB  cells  were 
double-labeled  among  6  unilaterally  lesioned  animals, 
and  one  MS  cell  and  8  VDB  cells  were  double-labeled 
among  3  bilaterally  lesioned  animals). 

DISCUSSION 

To  determine  whether  cholinergic  cells  of  the  MS 
survive  in  a  dysfunctional  state  after  FF  lesions,  or 
whether  they  actually  degenerate  and  die.  retrogradely 
transported  fluorescent  rhodamine  microspheres  were 
injected  into  the  hippocampus  prior  to  FF  lesions.  The 
results  demonstrate  a  substantial  loss  of  fluorescently 
labeled  neurons  after  FF  lesions,  suggesting  that  the  cells 
die  following  the  lesion.  Parallel  results  have  recently 
been  obtained  by  another  group  of  workers  employing 
the  septohippocampal  lesion  model  and  another  fluores¬ 
cent  cell  marker,  True  blue  (O’Brien  et  al.,  following 
article). 

Rhodamine-labeled  fluorescent  microspheres  were 
chosen  for  this  experiment  because  they  remain  inert 
within  the  cytoplasm  after  retrograde  transport,  maintain 
fluorescence  for  extended  periods,  and  show  little  passive 
diffusion  from  the  site  of  injection16.  Although  changes  in 
intracellular  pH  or  state  of  lipid  solubility  are  potentially 
capable  of  destroying  the  fluorescent  signal,  it  is  most 
likely  that  changes  in  the  intracellular  environment 
sufficient  to  disrupt  fluorescence  would  result  in  cell 
death.  This  is  supported  by  observations  in  the  current 
experiment  and  in  previous  unpublished  observations 
that  retrogradely  labeled  cells  of  the  septum  examined  at 


various  time  points  after  axotomy  show  release  of 
fluorescent  microspheres  into  the  cellular  interstitium  in 
close  proximity  to  the  cell  body  after  cell  disruption. 
Since  fluorescence  in  the  interstitium  is  detected  after  cell 
disruption,  the  fluorescent  markers  appear  to  be  more 
resistant  than  the  cell  itself  to  an  environment  hostile  to 
cell  survival.  Another  possibility  is  that  the  fluorescent 
markers  are  somehow  extruded  from  dysfunctional  but 
surviving  neurons.  However,  rhodamine  microspheres 
are  relatively  large  (0.02-0.2  fim  diameter)  so  it  is 
unlikely  that  they  would  leak  through  holes  in  dysfunc¬ 
tional  cell  membranes  unless  these  holes  were  so  large  on 
a  molecular  scale  that  membrane  functions  vital  for  cell 
survival  were  disturbed  (e.g.  massive  Ca2+  influx  could 
occur).  It  is  also  possible  that  dysfunctional  cells  would 
exocytose  the  inert  intracytoplasmic  microspheres,  al¬ 
though  this  seems  unlikely.  Thus,  the  possibility  that 
fluorescence  is  lost  artifactually  has  not  been  excluded 
with  certainty,  but  it  would  appear  very  likely  that  the 
loss  of  these  markers  correlates  with  cell  death. 

The  death  of  septal  cholinergic  cells  after  FF  transec¬ 
tion  might  be  anticipated  for  several  reasons.  First,  loss 
of  Nissl-stained  neurons  is  detected  in  the  MS  after  FF 
axotomy6,10,13,22,29,45.  Since  Nissl  substance  consists  of 
acidic  cytoplasmic  structures  such  as  DNA.  RNA  and 
rough  endoplasmic  reticulum,  and  these  structures  are 
prerequisite  for  cell  survival,  one  might  expect  diminish- 
ment  or  loss  of  Nissl  staining  as  cells  die.  In  contrast, 
studies  in  the  nucleus  basalis  of  Mevnert  (NBM), 
hypoglossal  and  vagal  systems  after  axotomy  show 
long-term  persistence  of  Nissl  staining  that  correlates 
with  long-term  cell  survival  assessed  by  other  means  (e.g. 
fluorescence)19,33,38.  Although  Nissl  staining  does  not 
reveal  specifically  if  cells  lost  in  the  septum  are  cholin¬ 
ergic,  GABAergic31,  substance  P-containing43,  or  gala- 
nin-positive23,  it  does  suggest  that  a  population  of  MS 
cells  die  after  FF  lesion.  That  some  of  these  Nissl-iost 
neurons  in  the  septum  are  cholinergic  is  suggested  by  the 
fact  that:  (1)  approximately  30-35%  of  septal  fibers 
projecting  through  the  FF  are  cholinergic,  a  proportion 
roughly  equal  to  that  of  projecting  GABAergic  fibers1, 
2.4,10,17,201,44.  ancj  (2)  only  30%  of  glutamic  acid  dehy¬ 
drogenase  (GAD)-positive  cells  of  the  septum  project  to 
the  hippocampus17,  while  the  majority  of  septal  cholin¬ 
ergic  cells  project  to  the  hippocampus1,44. 

That  septal  cholinergic  neurons  die  after  axotomy  is 
also  suggested  by  the  fact  that  septal  cholinergic  cells 
projecting  to  the  hippocampus  are  thought  to  possess  few 
extra-hippocampal  axon  collaterals36.  Since  neurons  with 
few  axon  collaterals  are  less  likely  to  survive  axotomy 
than  neurons  with  several  collaterals7,  one  would  predict 
that  septal  cells  would  be  severely  injured  after  axotomy. 

A  recent  study  reported  recovery  of  MS  ChAT  labeling 
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when  NGF  was  infused  into  the  lateral  ventricles  of  rats 
1-3  weeks  after  FF  lesions,  suggesting  that  loss  of  ChAT 
activity  in  a  subset  of  neurons  represents  cell  dysfunction 
(i.e.  transmitter  enzyme  suppression)  rather  than 
death14.  A  second  study,  however,  failed  to  save  septal 
cholinergic  neurons  when  NGF  was  infused  beginning  2 
weeks  after  the  FF  lesion26.  The  present  study  supports 
the  findings  of  the  latter  study.  Factors  that  might 
account  for  the  discrepancy  between  these  studies  include 
the  following.  (1)  Variations  might  exist  in  the  extent 
and/or  completeness  of  the  FF  lesions,  and  in  surgical 
technique.  For  example,  axotomy  close  to  the  cell  body 
causes  greater  cell  damage  than  distal  axotomy7,13,21,41, 
and  could  result  in  cell  death  after  a  proximal  lesion,  but 
in  cell  dysfunction  after  a  distal  lesion37.  (2)  Intensity  of 
ChAT-immunoreactivity  as  a  result  of  variations  in 
immunocytochemical  protocols  and/or  differences  in  ti¬ 
ters  of  anti-ChAT  antibodies  could  result  in  differing 
interpretations  of  cell  survival.  (3)  Differences  in  NGF 
activity  might  exist  between  the  two  studies.  While  the 
study  by  Hagg  et  al.14  infused  7S  NGF,  the  second  study 
used  2.5S  NGF25.  (4)  Variations  in  the  mode  of  admin¬ 
istration  of  NGF  may  account  for  differing  results.  For 
example,  twice-weekly  NGF  delivery,  used  in  the  study 
that  failed  to  show  ChAT  recovery,  might  be  insufficient 
to  induce  recovery  while  continuous  infusion  for  2  weeks 
could  support  recovery.  However,  the  degree  of  sparing 
of  ChAT-positive  cells  with  biweekly  injections  of  NGF15 
has  been  comparable  to  that  seen  after  continuous 
infusion  in  previous,  non-delayed  NGF  studies11,18,45.  (5) 
In  the  present  study,  rhodamine  microspheres  might  be 
toxic  to  cells,  although  previous  experience  with  these 
markers  indicate  no  evidence  of  this16  and  control 
animals  did  not  appear  to  show  cell  loss  in  the  current 
study.  (6)  Loss  of  fluorescence  might  occur  without  cell 
death,  although  this  appears  to  be  unlikely  as  pointed  out 
above.  Artifactual  loss  of  fluorescence  would  not  explain 
the  discrepancy  between  the  two  NGF  studies. 

It  should  also  be  noted  that  the  study  of  Hagg  et  al.14, 
while  showing  ChAT  recovery  after  delayed  NGF  infu¬ 
sion,  also  indicates  a  progressive  non-recoverable  loss  of 
ChAT-positivity  at  later  time  points.  Indeed,  the  degree 
of  recovery  after  a  3-week  delay  to  NGF  treatment  falls 
by  63%  compared  to  no  delay.  This  may,  therefore, 
merely  indicate  a  more  protracted  time  course  for  cell 
death  than  for  loss  of  ChAT  staining.  Since  the  present 
study  employs  a  4-week  time  point  to  study  cell  survival, 
it  is  possible  that  a  4-week  deiay  following  NGF  treat¬ 
ment  would  also  result  in  fewer  cells  saved. 

Although  the  present  study  suggests  that  the  majority 
of  cholinergic  cells  of  the  MS  degenerate  after  FF  lesions, 
10-30%  of  cells  still  survive2.  That  some  of  these 
surviving  ChAT-positive  cells  originally  projected  to  the 


hippocampus  is  demonstrated  by  the  presence  of  double¬ 
labeling  for  fluorescent  microspheres  and  ChAT.  Addi¬ 
tionally,  the  presence  of  double-labeling  for  NGFr  and 
fluorescent  microspheres  also  indicates  that  cells  have 
survived  which  originally  projected  to  the  hippocampus, 
and  which  expressed  NGFr.  Since  cholinergic  MS  cells 
appear  to  require  hippocampally  derived  NGF  for  normal  <. 
function11,15,18,45,  these  findings  suggest  that  this  subpo¬ 
pulation  of  surviving  cells  may:  (1)  not  require  NGF  for 
survival,  despite  the  fact  that  they  are  cholinergic  and 
project  to  the  hippocampus:  or  (2)  derive  NGF  support 
from  a  source  other  than  the  ipsilateral  dorsal  hippocam¬ 
pus.  Possible  alternative  sources  of  NGF  include  the 
ipsilateral  HPC  through  axon  collaterals  that  travel  in  the 
ventral  pathway  and  terminate  in  the  ventral  HPC1,9,25, 
the  contralateral  HPC  through  collateral  projections 
across  the  septal  midline,  cortical  projections  to  cholin¬ 
ergic  cells,  or  sprouting  after  the  lesion  into  regions  that 
possess  NGF,  such  as  the  dorsolateral  quadrant  of  the 
septum.  Previous  studies  employing  AChE  staining  and 
ChAT  labeling  have  supported  the  latter  possibility, 
showing  sprouting  of  cholinergic  fibers  into  the  dorsolat¬ 
eral  quadrant  after  FF  lesions  alone10,12. 

This  study  documents  a  loss  of  NGFr  staining  paral¬ 
leling  that  of  ChAT  loss  after  FF  lesions.  This  finding  is 
not  unexpected  in  light  of  the  fact  that  a  double-labeling 
experiment  of  ChAT  and  NGFr  cells  of  the  MS/VBD 
complex  revealed  a  90%  overlap  of  these  populations3. 
The  slightly  lesser  degree  of  NGFr  loss  compared  tc 
ChAT  loss  could  be  attributed  to:  (1)  the  existence  of 
NGF-dependeat  populations  of  septa!  cells  besides  the 
known  cholinergic  hippocampal  projection:  (2)  the  exis¬ 
tence  of  a  subset  of  septal  NGF-depende:tt  cells  that 
project  not  only  to  the  hippocampus  but  also  to  other 
regions  of  the  CNS  by  means  of  axon  collaterals,  thereby 
obtaining  NGF;  or  (3)  variations  in  staining  iechrrque. 

The  presence  of  fluorescent  'ahcling  in  septal  tells 
contralateral  to  the  side  of  injection  suggests  a  10%  rate 
of  contralateral  or  bilateral  projections  of  septal-hippo¬ 
campal  fibers,  in  agreement  with  previous  reports1 

Conclusion 

The  present  study  supports  the  assumption  that  a 
population  of  cholinergic  cells  of  the  MS  undergo  atrophy 
and  death  after  FF  lesions,  although  the  time  course  of 
cell  loss  may  extend  over  several  weeks.  In  addition,  the 
survival  of  some  hippocampally  projecting  septal  cholin¬ 
ergic  cells  and  NGFr-positive  cells  after  FF  lesions 
suggests  the  existence  of  an  NGF  source  for  these 
projecting  neurons  other  than  the  ipsilateral  dorsal 
hippocampus. 

This  study  and  previous  work  points  out  the  need  for 
caution  in  describing  the  results  of  lesion  studies.  The 
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term  ‘cell  death'  should  be  used  carefully,  and  should  not 
be  based  solely  upon  a  loss  of  transmitter-related  staining 
after  a  lesion.  Nissl  staining,  fluorescent  markers,  and 
immunocytochemistry  are  powerful  tools  when  used 
collectively  to  describe  the  fate  of  damaged  neuron 
systems. 
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Gene  therapy  in  the  CNS:  intracerebral  grafting  of 
genetically  modified  cells 


Fred  H.  Gage1,  Michael  B.  Rosenberg2,  Mark  II.  Tuszynski1,  Kaznnari  Yoshida1, 
David  M.  Armstrong1,  Robert  C.  Hayes1  and  Theodore  Friedmann2 
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Gr»ftlii|  edit  lo  the  CNS  Iks  been  ttiggesteil  and  applied  as  a  poiemial  approach  to  CNS  thernpy  ihroujh  the  selective  replacement 
of  cells  lost  as  a  result  ol  disease  or  damage-  Independently,  studies  aimed  at  diiecl  genetic  therapy  in  model  systems  have  recently 
begun  to  suggest  conceptually  n-w  approaches  to  the  ticatmeni  of  several  kinds  of  human  genetic  disease,  especially  those  caused 
by  single  gene  cniyme  deficiencies.  We  suggest  that  a  combination  of  these  two  approaches,  namely  the  graltment  into  the  CNS  of 
genetically  modified  cells,  may  provide  a  new  approach  toward  the  restoration  of  some  functions  in  the  damaged  or  diseased  CNS. 
We  present  evidence  for  the  feasibility  of  this  approach,  inducing  a  description  of  tome  cuitent  techniques  for  mammalian  cell  gene 
transfer  and  CNS  grafting,  and  several  possible  approaches  to  clinical  applications.  Specifically,  we  report  that  fibroblasts,  genetical¬ 
ly  modified  lo  sccrcie  NGF  by  infection  with  a  retroviral  vector  and  implanted  into  the  brains  of  tits  with  a  surgical  lesion  of  the 
fiiubtla-fornix,  prevented  the  degeneration  of  cholinergic  neurons  that  would  die  without  treatment. 


introduction 

During  (lie  past  decade  techniques  aimed  at  a  con¬ 
ceptually  new  view  of  disease  therapy  based  on  (lie 
direct  correction  of  a  genetic  deficit  have  begun  lo 
be  developed.  The  extension  of  this  approach  to 
whole  animals,  dial  is,  the  correction  of  a  disease 
phenotype  in  vivo  through  the  use  of  the  func¬ 
tional  genes  as  a  pharmacological  agent,  has  come 
to  be  called  gene  therapy  (Friedmann,  1983).  Such 
a  therapy  is  based  on  the  assumption  that  the  cor¬ 
rection  of  a  disease  phenotype  can  be  accomplish¬ 
ed  either  by  modification  of  the  expression  of  a 
Iresidcut  mutant  gene  or  by  the  introduction  of  new 
genetic  information  into  defective  cells  or  organs 
in  vivo. 

|  At  present,  techniques  for  die  ideal  type  of  gene 
therapy,  that  is  through  site-specific  gene  sequence 
correction  or  replacement,  are  just  beginning  to  be 
conceived,  but  are  not  well  developed.  Therefore, 
nost  current  models  of  gene  therapy  are  really 


genetic  augmentation  rather  limn  replacement 
models,  and  rely  on  the  development  of  efficient 
gene  transfer  systems  to  introduce  functional  wild- 
type  genetic  information  into  genetically  defective 
cell  in  vitro  and  in  vivo. 

’.Ve  have  recently  proposed  that  a  combination 
of  gene  transfer  into  cultured  cells  followed  by  in¬ 
ti  acerebral  grafting  of  the  genetically  modified 
cells  may  constitute  an  effective  approach  to  some 
disorders  of  CNS  function  (Gage  et  al.,  1987;  Fig, 
1).  This  approach  relies  on  the  development  of 
methods  lo  introduce  the  foreign  genes  (trans- 
genes)  into  appropriate  neuronal  and  other  target 
cells  efficiently  and  functionally  in  vitro,  as  well  as 
on  the  long-term  survival  of  these  cells  and  con¬ 
tinued  stable  gene  expression  following  in¬ 
tracerebral  grafting.  The  conceptual  and'methodo- 
logical  development  of  these  general  objectives 
depends  on  the  solutions  to  a  variety  of  questions 
and  problems  including: 

(1)  What  is  the  susceptibility  of  the  variety  of 
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Fig.  I.  Graflln*  of  gciiclicully  modified  edit  10  the  C'NS. 
Established  cell  lines  or  piimary  cell  colluict  me  infected  ill 
vitro  with  retroviral  vectors  containing  “reiiorter"  genes  en- 
coding  proteins  whose  activity  can  be  easily  assayed  and/or 
selected  for.  'I  lie  cells  arc  then  grow  11  in  selective  media  so  lliti 
only  Infected  cells  survive.  Expression  of  the  genes  in  the  reci¬ 
pient  cells  In  vino  is  cliaractetieed.  llic  cells  ate  injected  in- 
Iracercbrally,  and  uninfected  control  cells  are  injected  con- 
tralatetally.  Subsequently,  the  brains  are  examined  histological¬ 
ly  to  evaluate  cell  survival.  Alternatively,  the  grafted  regions  are 
dissected  and  expression  of  the  reporter  genes  in  vivo  is 
measured.  In  addition,  portions  or  the  graft  can  he  recultured 
and  the  continued  presence  and  expression  of  the  irausgcucs  can 
be  determined. 


modified  autologous  or  heterologous  cells,  or  to 
the  expressed  gene  product? 

(J)  Does  a  foreign  gene  product  provide  a  need¬ 
ed  and  physiologically  useful  new  function  that 
can  lead  to  correction  of  a  particular  disease 
phenotype? 

We  have  addressed  some  of  these  questions  and 
present  data  to  test  the  potential  applications  of 
this  approach  (Gage  et  al.,  1987).  We  have  iden¬ 
tified  some  of  the  technical  and  conceptual  pro¬ 
blems  inherent  in  the  techniques,  and  have  sug¬ 
gested  some  of  the  human  disease  models  for 
which  this  approach  may  be  applicable  and  the 
issues  that  must  be  addressed  before  this  approach 
can  be  considered  for  clinical  use.  We  have  also 
presented  data  based  on  the  use  of  several  pro- 
totype  marker  vectors  expressing:  (I)  the  human 
hypoxnntliine-guanine  phosphoribosyltransferase 
(Hl'RT)  cDNA;  (2)  the  transposon  Tn5  neomycin- 
resistance  gene  ( neoR );  and  (3)  the  firefly  luci- 
ferase  cDNA.  These  reporter  genes  were  chosen 
for  (heir  availability  and  the  availability  of  sen¬ 
sitive  assays  to  measure  the  gene  products. 

Choice  of  vector 

While  scveial  procedures  exist  for  inserting  DNA 
into  cells,  (see  Table  I)  murine  retroviral  vectors 
offer  at  present  the  most  efficient,  useful,  and  best 
characterized  means  of  introducing  and  expressing 
foreign  genes  in  mammalian  cells.  Briefly,  these 
vectors  have  very  broad  host  and  cell  type  ranges, 
integrate  by  reasonably  well  understood  mecha¬ 
nisms  into  random  sites  in  the  host  genome,  ex- 


appropriate  target  CNS  cells  to  the  introduction  of 
I  transgenes?  What  vectors  are  most  suitable? 

(2)  Does  the  introduction  of  foreign  sequences 
cause  metabolic  or  genetic  damage  to  recipient 
cells,  or  to  the  organism  as  a  whole? 

(3)  Are  the  transgenes  structurally  and  func¬ 
tionally  stable?  Are  they  efficiently  expressed? 

(4)  What  is  the  immunological  response  of  the 
animal  to  the  presence  in  the  brain  of  genetically 
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Methods  of  fene  insertion 


(A) 

Micioinject  DNA  in  nucleus 

ill) 

Electric  fiehj/clcctroporailun 

y 

(C) 

Calcium  phosphate  transfection 

<») 

1  iposotn.il  transfection  (lipofection) 

(K) 

Retroviral  infection 

<F) 

Vital  infection 
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press  genes  stably  and  efficiently,  and  under  most 
conditions  do  not  kill  or  obviously  damage  their 
host  cells.  Because  retroviral  vectors  integrate  at 
predominantly  random  sites  in  (he  cellular 
genome,  insertiona!  mutagenesis  is  a  theoretical, 
and  in  fact  a  well  documented,  occasional  conse¬ 
quence  of  viral  infection  (Hayward  et  at. ,  1981; 
Lohlcr  et  al.,  1984),  and  can  occur  either  by  inter¬ 
ruption  of  an  essential  cellular  gene  or  by  insertion 
of  regulatory  sequences  such  as  promoters  and 
enhancers  near  cellular  genes  with  resulting  inap¬ 
propriate  regulation  of  expression  of  such  genes. 

The  methods  of  preparation  of  retroviral  vectors 
have  been  reviewed  extensively  elsewhere  (Mann  et 
al.,  1983;  Anderson,  1984;  Miller  et  al.,  1983;  Con- 
slanlini  et  al.,  1986;  Gilboa  et  al.,  1986;  Mason  et 
al.,  1986;  Readhead  et  al.,  1987)  and  are  now  in 
common  use  in  many  laboratories.  In  principle, 
(he  aim  is  to  design  a  vector  in  which  (he  trausgene 
is  brought  under  (he  control  of  either  the  viral  tong 
terminal  repeut  (LTK)  promoter-enhancer  signals, 
or  of  a  powerful  internal  promoter,  and  further,  in 
which  retained  signals  within  the  retroviral  LTK 
can  still  bring  about  efficient  integration  of  the 
vector  into  the  host  cell  genome.  To  prepare 
transmissible  virus,  recombinant  UNA  molecules 
of  such  defective  vectors  are  transfected  into  “pro¬ 
ducer"  cell  lines  that  contain  a  provirus  expressing 
all  of  the  retroviral  functions  required  for  packag¬ 
ing  of  viral  transcripts  into  transmissible  virus  par¬ 
ticles,  but  lacking  the  crucial  packaging  signal. 
Because  of  this  deletion,  transcripts  from  the 
helper  cannot  be  packaged  into  viral  particles. 
However,  an  integrated  defective  vector  introduc¬ 
ed  into  (he  same  cell  by  means  of  calcium* 
phosphate-mediated  transfection  produces  tran¬ 
scripts  (hat  can  be  packaged  in  trans  since  (hey  do 
contain  the  packaging  sequence.  Ideally,  the  result 
is  the  production  of  infectious  particles  carrying 
the  transgene  completely  free  of  replicat ion- 
competent  wild-type  helper  virus.  In  most  models 
of  gene  therapy,  the  production  of  helper  virus  is 
probably  undesirable  since  it  may  lead  to  spreading 
infection  and  possibly  proliferative  disease  in  lym¬ 
phoid  or  other  tissue  in  the  host  animal.  An  exam¬ 


ple  of  the  prototype  retrovirus  and  the  recon¬ 
structed  retroviral  vector  is  shown  in  Fig.  2. 

Choice  of  donor  cells 

The  choice  of  donor  cells  for  implantation  depends 
heavily  on  the  nature  of  the  expressed  gene, 
characteristics  of  the  vector,  and  the  desired 
phenotypic  result.  Because  retroviral  vectors  are 
thought  to  require  cell  division  and  DNA  synthesis 
for  efficient  infection,  integration  and  gene  expres¬ 
sion  (Various  and  Swanstrom,  1982)  Cage-and 
UJafWund; — 1986^  our  present  model  may  be 
restricted  to  actively  growing  cells  such  as  primary 
fibroblast  cultures  or  established  cell  lines, 
replicating  embryonic  neuronal  cells  or  replicating 
adult  neuronal  cells  in  selected  areas  such  as  (he 
olfactory  mucosa  and  possibly  developing  or  reac¬ 
tive  glia.  The  eventual  use  of  other  viral  vectors,  or 
of  methods  to  induce  a  state  of  susceptibility  in  sta¬ 
tionary,  non-replicating  target  cells  may  make 
many  other  cell  types  suitable  targets  for  viral 
transduction.  For  instance,  we  have  recently 
developed  methods  that  have  permitted  the  suc¬ 
cessful  retroviral  vector  infection  of  primary 
cultures  of  adult  rat  hcpatocytes,  ordinarily  refrac- 
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I’ig.  2.  Siiuuurc  of  Integrand  vectors.  I.TR,  long  terminal 
repeal.  Hclrer  [unctions  required  tor  lire  production  of 
transmissible  virus  panicles  include  (lie  GAO  and  ENV  genes 
which  encode  the  capsid  proteins  as  well  as  the  reverse 
transcriptase  (I’OI.),  The  wild  type  virus  also  contains  Use 
packaging  (pit)  sequence  essential  for  the  encapsidalion  of 
RNA  transcripts  of  the  provirus  into  the  mature  virus  panicles. 
The  prototype  transmissible  retrovirus  is  prepared  by  construc¬ 
ting  a  plasmid  In  which  the  GAG,  I’OI.  and  ENV  genes  have 
been  replaced  by  the  reporlcr  gene  (marker  gene),  and  selector 
gene  which  is  controlled  by  an  internal  promolor  separale  from 
the  imari  tdroviial  LTK  which  controls  the  marker  gene. 
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lory  to  infection  with  such  vectors,  and  similar 
methods  may  be  helpful  for  a  number  of  other  cells 
(Wolff  et  at.,  1987).  The  development  of  other 
kinds  of  vectors  derived  from  herpes,  vaccinia,  or 
oilier  viruses,  as  well  as  the  use  of  efficient,  non* 
viral  methods  for  introducing  DNA  into  donor 
cells  such  as  the  recently  developed  electroporation 
technique  (Toneguzzo  et  al.,  1986),  may  allow  suc¬ 
cessful  gene  transfer  into  many  other  cells  present¬ 
ly  not  susceptible  to  retroviral  vector  infection. 

One  can  envision  several  mechanisms  by  which 
one  can  introduce  a  new  function  into  target  cells 
in  a  phenotypically  useful  way  (see  Fig.  3).  The 
most  direct  approach,  which  would  bypass  the 
need  for  cellular  grafting  entirety,  would  be  the  in¬ 
troduction  of  a  transgene  directly  into  the  cells  in 
which  that  function  is  aberrant  as  a  consequence  of 
a  genetic  defect;  ft  neuronal  cells  in  (he  case  of 
Tay  Sachs  disease,  possibly  Lcsch-Nyhan  disease, 
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Fig.  3.  Introduction  of  new  function  into  Urge!  cells.  In  (he 
most  straightforward  approach,  iransgeucs  would  he  introduc¬ 
ed  into  the  target  cells  directly  (I).  Alternatively.,  donor  cells 
may  be  used  to  introduce  the  new  function  into  the  target  cells 
through  tight  junctions  (2),  or  through  secretion  and  uptake  of 
the  gene  products  ()).  the  donor  cells  may  express  the  new 
function  naturally  or  may  be  genetically  muddied  to  express  the 
function  (4).  either 'In  vitro  or  in  vivo.  Finally,  donor  cells 
genetically  engineered  to  produce  transmissible  retrovirus  (see 
Fig.  I)  could  be  used  to  produce  virus  that  can,  in  turn,  infect 
target  ceils  (3). 


and  probably  Parkinson’s  disease.  Alternatively, 
one  could  express  a  new  function  in  such  defective 
target  cells  by  introducing  a  genetically  modified 
donor  cell  that  could  establish  tight  juction  or 
other  contacts  with  the  target  cell.  Some  such  con¬ 
tacts  are  known  to  permit  the  efficient  diffusion  of 
metabolically  important  small  molecules  from  one 
ceil  to  another,  leading  to  phenotypic  changes  in 
the  recipient  cell  (l.oewenstcin,  1979).  This  process 
has  been  called  "metabolic  cooperation"  and  is 
known  to  occur  between  fibroblasts  and  glial  cells 
(Gruber  et  al.,  1983),  although  it  has  not  yet  been 
demonstrated  conclusively  in  neurons.  Still  other 
donor  cells  could  express  and  secrete  a  diffusible 
gene  product  that  can  be  taken  up  and  used  by 
nearby  defective  target  cells.  The  donor  cells  may 
be  genetically  modified  in  vitro  or,  alternatively 
they  may  be  directly  infected  in  vivo.  Finally,  an 
introduced  donor  cell  infected  with  not  only 
teplicalion-defective  vector  but  also  replication- 
competent  helper  virus,  could  produce  locally  high 
lifers  of  progeny  virus  that  might  in  turn  infect 
nearby  target  cells  to  provide  a  functional  new 
transgene. 

Marker  genes 

Initial  studies  have  provided  support  for  the 
concept  that  a  combination  of  gene  transfer  and 
neural  grafting  can  be  used  as  a  new  approach 
toward  the  restoration  of  some  functions  in  the 
damaged  or  diseased  brain  (Gage  et  al.  1987),  An 
essential  reqiiiiemcnt  for  the  development  of  this 
approach  is  the  availability  of  a  reporter  gene 
which  can  be  easily  and  accurately  detected  by 
histochcmical  and/or  biochemical  methods. 

Retrovirus-nudiated  transfer  of  the  Escherichia 
coli  {£■.  coli)  (7-gulactosidase  gene  ( lacZ ),  combined 
with  histochcmical  staining  for  /3-galactosidase  ac¬ 
tivity  (Sanes  et  al.,  1986;  Price  et  al„  1987;  Turner 
et  al.,  1987),  has  recently  been  used  to  mark  cell 
lineages  in  the  CNS.  These  studies  are  based  on  the 
assumption  that  exogenous  E.  coli  /3-galactosidase 
can  be  distinguished  from  the'  endogenous 
lysosomal  /3-galaclosidase  that  is  widely  distributed 
in  mammalian  cells  (Furth  and  Robinson,  1963; 
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Dannenberg  and  Suga,  1981;  Mann  c(  at.,  1983), 
taking  advantage  of  the  widely  different  pit  op¬ 
tima  for  the  two  enzymes.  Che  pit  optimum  for  E. 
colt  0-guluctoxidase  is  approximately  7.3  and  that 
or  rat  tnain  is  approximately  3.3. 

based  on  these  important  features,  we  chose 
lucZ  as  a  reporter  gene  for  the  giuliing  of 
icirovii us-infecied  cultured  cells  to  the  rat  brain. 
We  have  observed  E.  coli  0-guluctoxidase-posiiive 
fibroblasts,  stained  at  pH  7.3,  in  the  bruins  of  rats 
several  weeks  after  grafting.  However,  some  £- 
galactosiduse-positive  cells  were  also  observed  in 
control  gratis  of  cells  which  had  not  been  infected 
with  the  lucZ  gene.  Subsequent  studies  revealed 
(hat  this  “false"  staining  was  due  to  endogenous 
lysosomal  activity  associated  with  macrophage  iu- 
filitation  induced  by  the  damage  associated  with 
grafting,  by  using  an  antibody  specific  for  E.  coli 
/3-galactosidase  we  have  been  able  to  distinguish 
between  (he  E.  coli  enzyme  and  (he  endogenous 
mammalian  /3-galaciosidasc.  We  conclude  here 
that  lucZ  is  a  useful  repoitcr  gene  for  intir-cercbral 
grafting  studies  if  approptiutc  caution  is  taken  for 
false  positives.  Our  next  objective  was  to  test  this 
approach  with  a  gene  which  we  could  use  to 
evaluate  (he  consequences  of  the  therapeutic  in¬ 
tervention. 

The  functional  ge/te  product  (NGF) 

NGF  is  currently  the  best  characterized  neuro¬ 
trophic  factor  (N  I  F)  (Cohen  and  Levi-Monlalcini, 
1937;  Greene  and  Shooter,  1980;  Thoetien  and 
barde,  1980;  batde  ct  al.,  1983;  Ullrich  ct  ah, 
1983;  llerg,  1984).  NGF  supports  the  survival  and 
axonal  growth  in  vitro  and  in  vivo  of  sensory  and 
sympathetic  neurons  Horn  the  peripheral  nervous 
system  (PNS)  (Guudcrseu  and  bairett,  1980; 
Campenol,  1982).  Fuithermoie,  NGF  can  attract 
and  guide  regenerating  axons,  whether  provided  to 
the  neuron  in  a  soluble  or  immobilized  form 
(Gunderscn  and  Barrett,  1980;  Levi-Monlalcini, 

1982),  and  may  stimulate  the  growth  rate  even  of 
axons  whose  neurons  do  not  require  NGF  for  sur¬ 
vival  (Collins  and  Dawson,  1983).  A  nuiubci  of 


studies  have  shown  that  NGF  occurs  in,  an  is  pro¬ 
duced  by,  the  central  nervous  system  (C NS).  For 
example,  mammalian  C NS  tissues  have  been 
shown  to  contain  NGF  messenger  RNA  by  in  situ 
hybridization  (Korshing  et  ah,  1983;  Sheldon  and 
Reichardt,  1986),  NGF  antigen  by  im- 
munuhisiochrmica!  and  radioirnimme  assays 
(Greene  and  Shooter,  1980;  Ayer  LcLievrc  ct  ah, 

1983) ,  NGF  receptors  by  autoradiography 
(Richardson  ct  ah,  1986)  and  NGF  by  biological 
assays  (Scott  et  ah,  1981;  Manthorpe  et  ah,  1983; 
Nieio-Sampedro  et  ah,  1983;  Collins  and  Crut¬ 
cher.  1983).  I'he  greatest  NGF  levels  in  CNS  tissues 
appear  within  the  target  areas  of  the  cholinoccptive 
basal  forebrain  systems  (Scott  et  ah,  1981),  and 
NGF  administered  into  rat  brain  raises  choline 
acctyltransfetase  (CltAT)  levels  in  the  hippocam¬ 
pus  and  stiiatum  (Hcfii  et  ah,  1984;  Mobley  et  ah, 
1985).  Radiolabeled  NGF  injected  into  target 
regions  is  taken  up  and  rclrogradely  accumulated 
by  the  cholinergic  neurons  innervating  them,  such 
as  the  seplal/diagonal  band  neurons  for  the  hip¬ 
pocampus  and  nucleus  busalis  neurons  for  the 
neocortex  (Schwab  et  ah,  1979;  Gnulm  et  ah,  1983; 
Seiler  and  Schwab,  1984).  NGF  is  also  produced  by 
purified  cultures  of  cerebral  astroglial  cells  (Rudge 
ct  ah,  1983)  and  accumulates  in  fluids  surrounding 
rat  brain  lesions  (Manthorpe  et  ah,  1983;  Nieio- 
Sampedro  el  ah,  1983;  Assouline  et  ah,  1983). 
More  recently  NGF  has  been  shown  to  increase 
CltAT  activity  in  CNS  neuronal  cultures  (Honeg¬ 
ger  and  Lenoir,  1982;  Hefti  et  ah,  1985;  Martinez 
et  ah,  1985;  Mobley  et  ah,  1985). 

The  concept  that  neuronal  survival  in  vivo  may 
depend  on  the  continued  presence  of  an  adequate 
supply  of  NTFs  in  general,  and  NGF  in  particular, 
is  supported  by  the  existence  of  such  phenomena 
as:  (I)  "developmental  neuronal  death,”  in  which 
the  excessive  number  of  neurons  produced  during 
development  is  decreased  to  accommodate  the 
limited  target  cell  number  (Landincser  and  Pilar, 
1978;  Cunningham,  1982;  Hamburger  and  Op- 
pcuheim,  1982;  Cowan  et  ah,  1984;  Fawcett  et  ah, 

1984) ;  (2)  "retrograde  neuronal  degeneration,"  in 
which  axotomized  neurons  cut  off  from  their  in- 
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nervation  target  and  surrounding  glial  cells 
undergo  degeneration  or  even  death  (Grafstein, 
1977;  Feringa  et  a!.,  1983;  Peaison  ct  al.,  1983; 
Grady  et  al.,  198*1);  and  (3)  "pathological  neuronal 
death,"  in  which  specific  populations  of  neurons 
degenerate  and  die  (Terry  and  Davies,  1980;  Ap¬ 
pel,  1981;  Darius  el  al.,  1982;  Ilondarcff  et  al., 
1982;  Whilchousc  et  al.,  1982).  One  explanation 
commonly  put  forth  for  such  neuronal  death- 
inducing  situations  is  that  neurons  normally  de¬ 
pend  for  (heir  continued  health  upon  NTFs  sup¬ 
plied  by  their  target  and  associated  glial  cells,  and 
that  disruption  in  this  trophic  supply  causes  their 
death. 

Model  system:  ‘'retrograde  neuronal  degenera¬ 
tion “ 

The  cholinergic  projection  from  the  adult  rat  sep¬ 
tum  and  diagonal  band  to  the  ipsilateral  hip¬ 
pocampus  has  been  a  useful  model  for  examining 
CNS  plasticity  (Chun  and  Patterson,  1977;  Gnalin 
et  al.,  1983;  Amaral  and  Kurz,  1983;  Armstrong  ct 
al.,  1987;  Springer  et  al.,  1987).  Neurons  of  the 
medial  septum  and  the  vertical  limb  of  the 
diagonal  band  project  dorsally  to  the  hippocampus 
mainly  through  the  fimbiia-fornix  (Lewis  ct  al., 
1967;  Armstrong  el  al.,  1983;  Gage  el  al.,  1983). 
About  30%  of  the  septal/diagonal  baud  neurons 
sending  fibers  through  the  fimbria-fornix  are 
choliucigic  (Amaral  and  Kurz,  1983;  Wainer  et  al., 
1983)  and  provide  the  hippocampus  with  about 
90%  of  its  total  cholinergic  innervation  (Storm- 
Mathisen,  1974).  The  cholinergic  neurons,  axons 
and  terminals  can  be  visualized  by 
acetylcholinesterase  (AChE)  (Butcher,  1983; 
Hcdreen  et  al.,  1985)  and  ChAT  ini- 
munocytochemical  analysis  (Armstrong  ct  al., 
1983;  Wainer  ct  al.,  1985),  and  the  terminal  fields 
within  the  hippocampal  formation  can  be  quan¬ 
tified  biochemically  by  measuring  extracted  ChAT 
activity  (Fonnum,  1969,  1984). 

Complete  transection  of  the  fimbria-fornix 
pathway  in  adult  rats  results  in  a  rapid  and  consis¬ 
tent  retrograde  degeneration  and  death  of  many  of 


the  scptum/diagounl  band  neurons  (including  the 
cholinergic  ones)  that  originally  contributed  axons  Vvi«y- «-»«*->> 
through  this  pathway  (Cunningham,  1982;  Grady 
et  al.,  1984;  Kromer  and  Cornbrooks,  1984; 

Wainer  et  at.,  1985;  Hefti,  1986).  One  explanation 
Cor  this  axotomy-induccd  cell  death  is  that  the  sep¬ 
tal  demons  become  deprived  of  a  critical  supply  of 
NTF  provided  possibly  by  the  post-synaptic 
neurons  or  glial  cells  in  the  axonal  and/or  synaptic 
vicinity  within  the  hippocampal  innervation  ter¬ 
ritory  (Gnahn  et  al.,  1983;  Nicto-Sampedro  et  al., 

1983;  llcaccck  et  al.,  1984;  Collins  and  Crutcher, 

1985;  Gage  and  Bjorklund,  1986).  That  this  hip¬ 
pocampal  NTF  might  be  NGF  or  NGF-Iike  is  sup¬ 
ported  by  the  previously  listed  studies  from  several 
laboratories  reporting  an  NGF  presence  within  the 
scpto-hippocampal  system. 

These  studies  raise  the  question  whether  ex¬ 
ogenous  administration  of  NGF  to  axotomized 
septal  neurons  might  rescue  them  from  the  ensuing 
retrograde  degeneration  and  death  and  thus  allow 
them  to  regenerate  their  already  cut  axons,  or  even 
grow  new  ones,  back  to  the  hippocampal  forma¬ 
tion.  Recently  Hefti  (1986)  and  Williams  el  al. 

(!98t>)  have  independently  reported  that  the  in- 
liavcntricular  administration  of  purified  NGF  into 
adult  rats  from  the  time  of  fimbria-fornix  transec¬ 
tion  onward  prevents  the  death  of  most  of  the  ax¬ 
otomized  cholinergic  scptum/diagonal  band  neu¬ 
rons.  Furthermore,  it  appears  that,  as  a  result  of 
the  transection  even  non-cholinergic  septal 
neurons  (I’anula  et  al.,  1984)  arc  destined  to  die 
(Gage  et  al.,  1986)  and  may  be  saved  by  NGF  ad¬ 
ministration  (Williams  ct  al.,  1986).  NGF  ad¬ 
ministration  also  seems  to  prevent  the  degenera¬ 
tion  of  the  cut  septal  cholinergic  axons  and/or 
stimulate  their  regrowth,  since  a  large  number  of 
AChE-positivc  fibers  appear  to  form  a  neuroma- 
like  structure  proximal  to  the  transection  site 
(Gage  e:  al.,  1986). 

Using  the  above  described  model  system  we  have 
recently  tested  the  possible  functional  effects  oftiw 
approach -f.inmetled  in  lh»  proposal.  Specifically, 
we  dcmoiistiated  that  cultured  rat  fibroblasts, 
genetically  modified  to  produce  and  secrete  NGF, 
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and  (lien  grafted  to  the  cavity  formed  in  creating  a 
fimbria-fornix  lesion,  prevented  retrograde  chol¬ 
inergic  degeneration  and  induced  axonui  sprout¬ 
ing,  thereby  demonstrating  a  functional  response  > 
(Edwards  cl  aln 

A  prototypical  retroviral  vector  was  constructed 
that  contains  NGF  eDNA  corresponding  to  the 
shorter  transcript  that  predominates  in  mouse 
tissue  receiving  sympathetic  innervation  (Edwards 
e(  al.,  1986;  Fig.  4).  This  transcript  is  believed  to 
encode  the  precursor  to  NGF  that  is  constitutively 
secreted.  The  vecto  also  includes  a  dominant 
selectable  marker,  the  transposon  Tn5  neomycin- 
resistance  gene.  Transmissible  retrovirus  was 
generated  and  used  to  infect  the  established  ra< 
fibroblast  cell  line  208F.  Individual  neomycin- 
resistant  colonies,  selected  in  medium  containing 
the  neomycin  analog  G4I8,  were  expanded  and 
tested  for  NGF  production  and  secretion  using  a 
two-site  enzyme  immunoassay  (Korsching  and 
Thoenen,  1983).  The  clone  picJucing  (he  greatest 
levels  of  NGF  had  1.7  ng  NGF/mg  total  cellular 
protein  and  secreted  NGF  into  the  medium  at  a 
rate  of  50  pg/h/105  cells.  The  NGF  secreted  by 
this  clone  was  biologically  active,  as  determined  by 
its  ability  to  induce  neurite  outgrowth  from  PC12 
rat  pheochromocytoma  cells.  Uninfected  208F 
cells,  in  contrast,  did  not  produce  delectable  levels 
of  NGF  in  cither  assay. 

Fimbria-fornix  (FF)  lesions  were  made  in  16 
rats;  8  rats  received  grafts  of  infected  cells  while 
the  remaining  eight  received  uninfected  control 
cells.  After  2  weeks,  all  animals  were  sacrificed  and 
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Fig.  4.  NGF  iclioviral  vector.  ConliuclcJ  from  lire  Moloney 
murine  leukemia  virus,  conlainiug  lire  777-bp  llgat-l’sl  I  frag¬ 
ment  of  tire  NGF  cONA  under  lire  control  of  the  vital  ]'  1.1  R. 
The  vector  also  includes  the  dominant  selector  marker  encoding 
the  neomycin  resistance  function  of  transposon  InS  under  the 
control  of  an  internal  Rous  sarcoma  virus  promoter. 


processed  for  immunohistochemistry.  Staining  for 
fibronectin,  a  fibroblast-specific  marker,  revealed 
robust  graft  sutvival,  which  was  comparable  in 
both  the  NGF-secreting  cells  and  the  control  cells. 
Sections  stained  for  choline  acetyltransferase 
(ChAT)  to  evaluate  the  survival  of  cholinergic  cell 
bodies  indicated  n  greater  number  of  remaining 
neurons  on  the  lesioned  side  of  the  medial  septum 
in  animals  that  had  received  grafts  of  infected  cells 
than  in  animals  that  had  received  control  grafts. 
Neuronal  survival  was  quantitated  and,  when  ex¬ 
pressed  as  a  percentage  of  the  remaining 
cholinergic  cells  in  the  septum  ipsilateral  to  the  le¬ 
sion  relative  to  the  intact  contralateral  septum,  was 
shown  to  be  92%  in  animals  grafted  with  NGF- 
secreting  cells,  but  only  49%  in  animals  grafted 
with  control  cells  (Rosenberg  et  at.,  1988).  The  lat¬ 
ter  results  from  the  control  group  are  comparable 
to  our  previous  observations  in  lesioned  animals 
that  had  received  no  grafts  (Williams  et  al.,  1986). 

The  208F  fibroblasts  used  in  the  above  described 
study  were  chosen  because  they  were  immortaliz¬ 
ed,  and  were  deficient  in  the  IIPRT  gene,  a  feature 
that  is  useful  as  an  in  vitro  model  of  Lesch-Nyhan 
disease.  However,  upon  careful  examination  we 
found  that  these  cells  do  not  survive  as  well  in  vivo 
a$t7ie  parental  line,  Rati,  and  thus  the  NGF 
retroviral  vector  was  used  to  infect  the  established 
rat  fibroblast  cell  line  Rati  cells.  As  before,  in¬ 
dividual  neomycin-resistant  colonies,  selected  in 
medium  containing  the  neomycin  analog  G4I8, 
were  expanded  and  tested  for  NGF  production  and 
secretion  by  two-site  enzyme  immunoassay..  This 
time  the  highest  producing  clone,  Ratl-N.8-8,  con¬ 
tained  66  pg  NGF/105  cells  and  secreted  NGF  into 
the  medium  at  a  rate  of  77  pg/h/105  cells.  The 
secreted  NGF  was  biologically  active,  as  determin¬ 
ed  by  its  ability  to  induce  neurite  outgrowth  from  ' 
PCI 2  rat  pheochromocytoma  cells.  Uninfected 
Rat!  cells,  in  contrast,  did  not  produce  detectable 
levels  of  NGF. 

Again  unilateral  aspirativc  cavities  were  made 
through  the  cingulate  cortex  of  Sprague-Dawley 
rats,  completely  transecting  the  fimbria-fornix. 
Retrovirus-infected  (NGF-secreting)  and  control 


uninfected  fibroblasts  were  suspended  in  PUS  at  cholinergic  neurons,  indicated  a  significantly 

8  •  104  cells/jd,  and  4  pi  aliquots  were  injected  greater  number  of  remaining  neurons  on  (he  le- 

free-liand  into  the  lesion  cavity  and  lateral  veiitii-  sioned  side  of  the  medial  septum  in  animals  that 

cle  ipsilateral  to  the  cavity.  In  this  experiment,  had  received  grafts  on  infected  cells  than  in 

animals  were  sacrificed  after  2  or  8  weeks  and  pro-  animals  (hat  had  received  uninfected  control  grafts 

cessed  for  iiuiuunohistocheinistry  and  for  in  situ  (see  Fig.  S/I.  li).  We  have  further  examined  these 

hybridization  of  niRNA  for  NGF.  Staining  for  animals  for  their  immunoreactivity  to  NCR  recep- 

fibroncctin,  a  fibroblast-specific  marker,  revealed  tor  (IGg  192).  With  this  antibody  we  observed  that 

robust  graft  survival  that  was  comparable  in  both  in  the  animals  with  control  grafts  there  was  a 

infected  and  control  groups.  Staining  for  choline  dramatic  decrease  in  the  number  and  intensity  of 

acetyltrausferasc,  to  evaluate  the  survival  of  cell  staining  in  the  medial  septal  area  ispilateral  to 


l-ig.  J.  Photomicrographs  of  Immunohistochemicat  mining  for  choline  acctyltransfcrcase  (ChAT)  and  nerve  growth  factor  receptor 
(NCiFr).  A.  0.  Corotuil  section  through  medial  septum  o'  tissue  stained  for  ChAT.  C.  D.  Coronal  section  through  medial  septum 
of  tissue  stained  for  NG!;r.  A,  C.  Animal  with  graft  of  retrovirus-infected  cells.  R.  l>.  Animal  with  graft  of  control  cells. 
U.*Cer»v>  O''  '*~t-  *»x<U.. 


21) 


Fig  6.  l'liotomiciugrj|ilis  of  scuinns  prcjuicil  for  in  situ 
liybiiclujliun  fur  N(if  liiKNA  1  lie y  aiccuion.il  unions  tjV.cn 
lluoiigll  (lie  middle  of  llic  ijiafls  in  the  lliiiluia  finiiix  cavity. 


the  fimbria  fornix  lesion.  In  stark  contrast,  the  im- 
munorcnciiviiy  for  this  same  antibody  was  intense 
in  the  ipsil.ilcral  septum  for  those  animals  that 
received  grafts  of  NGF  secreting  fibroblasts  (see 
Fig.  SC,  D).  Staining  for  parvalbmnin,  to  evaluate 
the  survival  of  GAHAergic  neurons,  which  also 
degenerate  following  transection  of  the  fimbria- 
foinix  by  8  weeks  (I’ctcrson  et  al.,  1987),  indicated 
no  increased  survival  in  response  to  NOF-sccreting 
fibroblasts,  indicating  the  specificity  of  these 
grafts  for  cholinergic  neurons.  It  is  interesting  to 
note  that  uninfected  control  grafts  resulted  in  50% 
survival  of  cholinergic  neurons,  whereas  previous 
studies  have  shown  10  —  50°/o  survival  in  untreated 
control  animals  (Hefti,  1986;  Williams  et  al., 
1986).  This  suggests  the  possibility  that  the 
fibroblasts  produce  other  ns  yet  unknown  factors 
that  can  affect  cholinergic  survival.  Alternatively, 
this  could  reflect  the  variablity  in  the  location  of 
the  lesion  with  respect  to  the  cholinergic  cell 
bodies.  In  our  previous  study  with  208F  fibroblasts 
as  well  as  the  study  described  here,  we  observed 
that  the  animals  that  received  NGF-seereling 
fibroblasts  showed  an  increase  in  acetylcholine¬ 
sterase-positive  fiber  and  cell  staining,  with  a 
robust  sprouting  'espouse  in  the  dorsal  lateral 
quadrant  of  the  septum,  and  the  most  intense 
staining  abutting  the  cavity  containing  the  graft. 
We  iiad  previously  obsetved  this  sprouting  in 
response  to  clnonic  NGF  infusion  (Gage  et  al., 
1988),  but  not  to  the  extent  seen  in  the  208F  study, 
even  though  the  fibroblasts  secrete  NGF  at  a  rate 
significantly  lower  than  administered  in  the  infu¬ 
sion  studies.  "I  his  observation  may  reflect  the  fact 
that  the  biological  activity  of  the  NGF  in  the  pump 
decreases  with  lime,  while  the  NGF  constantly  be¬ 
ing  synthesized  in  (he  cells  remains  more  or  less 
constant.  Still  other  alternatives  are  conceivable. 

Kecently  we  have  examined  the  grafts  for  their 
ability  to  express  detectable  levels  of  NGF  inKNA 
in  parallel  sections  of  brains  which  had  been  taken 
for  histochemicril  evaluation.  Individual  sections 
were  processed  for  in  situ  hybridization.  Al  2 
weeks  following  implantation,  relioviral-infcctcd 


fibroblast  grafts  expressed  high  levels  of  NGF 
niKNA  in  the  graft  relative  to  the  endogenous 
levels  in  the  brain,  though  message  was  detected  in 
the  expected  areas  of  (lie  hippocampus  and  cortex. 
Non-infecicd  grafts  showed  much  less  specific 
hybridization.  There  was,  however,  clear  hybridi¬ 
zation  around  the  edges  of  the  cavity  in  which  the 
*'^~«/).*g(rafl  was  implanted.  Tills  may  be  attributed  to  the 
**“~t  increased  expression  of  NGF  niKNA  in  the  reactive 
astrocytes  around  the  wound,  but  at  present  we  do 
not  know  this  to  be  true.  In  3  animals  with  NGF- 
producing  grafts  processed  for  in  situ  hybridiza¬ 
tion  at  8  weeks  there  was  continued,  though  slight¬ 
ly  decreased  expression  of  NGF  mRNA  in  the 
graft,  conipared'to  those  processed  at  2  weeks 
following  grafting  (sec  Fig.  6). 


vesicles  or  simply  diffuse  through  the  cell  mem¬ 
brane.  Alternatively,  the  donor  cells  can  act  as  a 
toxin  "sink"  by  expressing  an  enzyme  that  meta¬ 
bolizes  a  ururotoxin.  This,  of  course, [requires  that 
the  ncurutoxin  has  a  mechanism  for  leaving  the 
neuron  and  entering  the  donor  cell.  - 

(3)  Ideally,  an  animal  model  should  be  avail¬ 
able. 

We  conclude  (hat  the  intracerebral  grafting  of 
genetically  modified  cells  could  eventually  provide 
a  means  lor  CNS  therapy.  Together  with  tradi¬ 
tional  neuronal  grafting  and  the  upcoming  vectors 
for  direct  genetic  modification  of  neurons  in  vivo, 
this  approach  should  permit  the  treatment  of 
numerous  CNS  disorders  that  cannot  be  treated  by 
standard  ding  therapies. 


Discussion 

Our  studies  have  demonstrated  that  genetically 
modified  fibroblasts  can  survive  intracerebral  graf¬ 
ting  and  continue  to  express  transgeues  for  at  least 
2  mouths.  Furthermore,  thegraftscontinue  to  pro¬ 
duce  and  secrete  sufficient  NGF  to  have  a  biologi¬ 
cal  effect  duiing  this  period.  There  arc  several 
prerequisites  for  a  neurological  disease  to  be  a  can¬ 
didate  for  (his  approacit: 

(1)  The  pathogenesis  of  the  disease  must  be  suf¬ 
ficiently  well  understood  to  allow  identification  of 
the  relevant  lacking  function. 

(2)  The  relevant  gene  must  be  available  as  a  well- 
characterized  cDNA  clone. 

(3)  The  affected  region  of  the  CNS  must  be 
known  and  sufficiently  localized  to  permit  implan¬ 
tation  into  the  appropriate  area(s). 

(4)  Restoration  of  normal  function  must  not,  at 
present,  require  synaptic  contact  with  target  cells. 
Instead,  (he  donor  cells  must  produce  a  factor  that 
has  a  mechanism  for  release  by  the  cells  and  uptake 
by  neurons.  In  the  example  of  NGF,  these  condi¬ 
tions  are  satisfied  because  (lie  NGF  precursor  pro¬ 
tein  includes  a  signal  sequence  for  secretion,  and 
the  secreted  NGF  binds  to  receptors  on  the  target 
cholincigic  neurons,  in  other  systems  the  gene  pro¬ 
duct  may  require  active  transport  into  storage 
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Altered  levels  of  amyloid  protein  precursor  transcripts  in  the  basal 
forebrain  of  behaviorally  impaired  aged  rats 
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ABSTRACT  The  /J/A4  protein  is  u  constituent  of  plaque 
unci  vusculur  amyloid  deposits  in  Alzheimer  disease.  Previous 
studies  iiuve  shown  increased  levels  of  amyloid  protein  precur¬ 
sor  (AFP)  inKNA  iu  basal  forebraiu  neurons  in  the  disease. 
Morphological  and  iicurocheuiical  changes  occur  within  the 
forebraiu  iu  Alzheimer  disease  and  are  also  correlated  with 
behavioral  impairments  in  aged  rats.  Kcceut  studies  suggest 
tiiut  decreased  uerve  growth  factor  responsiveness  of  basal 
forebraiu  ueurons  is  a  feature  of  normal  aging  and  of  Alzhei¬ 
mer  disease.  We  have  used  in  situ  hybridization  to  show  that  the 
abundance  of  specific  forms  of  Al'P  mKNA,  which  coiiiaiu  an 
Inserted  Kuuilz-lype  serine  protease  inhibitor  motif  ( APP-75 1 , 
APP-770,  and  APP-related  563),  are  increased  relative  to  the 
nouinserled  form  (APP-695)  of  API*  inKNA  in  (lie  basal 
forebraiu  of  aged  ruts.  This  increase  appears  to  be  specific  to 
animals  who  exhibit  sputiul  memory  deficits  but  not  aged  ruts 
without  behuviorul  impairments. 


The  umyloid  /3/A4  protein  is  a  major  constituent  of  neurilic 
(senile)  plaque  and  cetcbro. oscular  amyloid  deposits  in  Alz¬ 
heimer  disease  (AD)  (1,  2).  Although  a  direct  causal  link 
between  abet  rant  /)/ A4  protein  accumulation  and  Al)  has  not 
yet  been  proven,  one  possible  mechanism  of  plaque  forma¬ 
tion  may  be  increased  amyloid  expression  in  the  disease. 
Increased  expression  of  ntRNA  that  encodes  the  amyloid 
protein  precursor  (APP)  has  been  obseived  in  the  basal 
foie  bruin  and  hippocampal  formation  in  AD  (3, 4),  suggesting 
a  mechanism  by  which  pathological  deposits  of  (he  (i/AA 
protein  could  accumulate  in  the  disease.  A  "brain-specific” 
form  of  APP,  which  encodes  a  695-residue  molecule  (APP- 
695),  was  originally  cloned  by  several  different  laboratories 
(5-8).  Three  alternate  forms  of  APP  mRNA,  including  APP- 
751,  APP-770,  and  APP-related  563,  have  been  shown  to 
contain  an  "in-frame”  insertion  that  encodes  57  amino  acids 
homologous  to  the  Kunitz  domain  of  setiue  protease  inhib¬ 
itors  (KPI)  (9-12).  Other  serine  protease  inhibitors,  such  as 
the  glia-derived  neurite-promoting  factor  (13),  have  been 
shown  to  ptomole  neurite  extension  and  to  inhibit  neuronal 
migration.  A  recent  study  shows  that  a  sccictcd  form  of 
APP-751  is  identical  with  protease  nexin  II  (14),  a  protein  that 
has  been  shown  to  bind  with  growth -factor-associated  pro- 
leases,  such  as  the  y  subunit  of  nerve  growth  factor  (NGF). 
Secreted  forms  of  APP  have  been  shown  to  be  involved  in 
growtlt  regulation  (15),  whereas  the  membiane-bound  car¬ 
boxyl-terminal  portion  of  the  AIM*  molecule  appears  to  be 
neurotoxic  to  differentiated  neuronal  cells  in  culture  (16). 
Recent  studies  have  shown  that  NGF  inci eases  APP  mRNA 
expression  in  the  developing  and  adult  rodent  basal  forebruin 
(17, 18).  Thus,  it  is  possible  that  APP  may  be  involved  in  the 


regulation  of  neuronal  growth  and  atrophy  in  the  aging  central 
nervous  system  (CNS). 

An  experimental  animal  model  of  aberrant  APP  expression 
would  be  valuable  for  elucidation  of  the  potential  role  of  this 
molecule  in  the  age-related  neurodegenerative  process  of 
AD.  Some  aged  rodents  show  learning  and  memory  deficits 
correlated  with  degenerative  changes  in  the  basal  forebrain 
that  may  resemble  certain  pathological  and  behavioral  fea- 
luies  of  AD  in  humans  (19,  20),  and  thus  the  behaviorally 
imnaiied  aged  tat  has  become  a  model  system  in  which  to 
study  spatial  learning  deficits  associated  with  an  age-related 
decline  in  choliueigic  integrity  in  the  basal  Ibrebruin  (21). 
Cholinergic  neuronal  atrophy  and/or  cell  loss  in  rodents  have 
been  observed  not  only  with  basal  forebrain  nuclei  such  as 
the  nucleus  busalis,  diagonal  band ,  and  medial  septum,  which 
send  long  projections  to  the  cortex  and  hippocampal  forma¬ 
tion,  but  also  within  cholinergic  interneurons  of  the  striatum 
(22-26).  NGF,  which  is  impoitunl  for  the  survival  and  main¬ 
tenance  of  cholinergic  neurons  in  the  periphery,  can  reverse 
cholinergic  neuronal  atrophy  iu  the  basal  forebrain  of  behav¬ 
iorally  impaired  aged  rats,  emphasizing  the  importance  of 
NGF  in  the  not  mat  maintenance  of  cholinergic  neuronal 
integrity  in  the  adult  brain  (27). 

We  examined  APP  gene  expression  in  the  aged  rat  brain. 
Elevated  ievels  of  total  APP  mRNA  within  presumptive 
cholinergic  neurons  of  the  nucleus  basulis  have  been  reported 
in  AD  (3),  raising  the  possibility  that  APP  expression  may  be 
correlated  with  neuronal  atrophy  in  the  basal  forebrain.  In 
this  study,  we  have  attempted  to  determine  whether  similar 
phenomena  may  also  occur  in  the  aged  rodent  brain  by  asking 
the  following;  (i)  Is  expression  of  any  specific  form  of  APP 
mRNA  differentially  increased  in  aged  rat  brain?  (//)  Arc 
changes  in  APP  gene  expression  observed  in  all  aged  rats,  or 
are  they  related  to  cognitive  impairments  in  aged  animals?  In 
situ  hybridization  has  been  used  to  discriminate  between  the 
noninserted  (APP-695)  and  KPl-inserted  (APP-751/770/563) 
forms  of  rtPP  mRNA  in  young  adult,  nonimpaired  aged,  and 
behaviorally  impaired  aged  rats.  Our  data  suggest  that  KP1- 
eontaining  APP  mRNAs,  which  contain  an  inserted  serine 
protease  inhibitor  sequence,  are  selectively  elevated  relative 
to  APP-695  mRNA  within  forebrain  neurons  in  a  subpopula¬ 
tion  of  aged  rats  that  exhibit  spatial  memory  deficits. 

MATERIALS  AND  METHODS 

A  total  of  8  young  adult  female  (age:  7  months)  and  11  aged 
female  (age:  25  months)  Sprague-Dawley  rats  were  used  in 
this  study.  Four  aged  and  4  young  control  animals  were  sent 
from  San  Diego  to  Rochester  for  in  situ  hybridization  (batch 


Abbreviations:  A  PP,  umyloid  protein  precursor;  NGF,  nerve  growth 
factor,  AD,  Alzheimer  disease;  CNS,  central  nervous  system;  KPI, 
Kunitz-typc  serine  protease  inhibitor. 
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1).  Following  these  initial  studies,  an  additional  group  or  4 
young  and  7  aged  animals,  which  had  been  tested  and 
behaviorally  characterized,  were  processed  for  in  situ  hy¬ 
bridization  (batch  2).  In  situ  hybridization  and  data  analysis 
were  performed  without  prior  knowledge  of  the  experimenter 
as  to  the  behavioral  status  of  the  animals. 

Behavioral  Studies.  Spatial  learning  and  tr.cmory  were 
tested  in  the  circular  water  maze  (28).  Rats  were  tested  on  the 
water  maze  for  5  consecutive  days  using  a  visible  platform, 
followed  by  5  consecutive  days  using  an  invisible  platform, 
with  2  intervening  days  between  the'5-day  blocks.  Each  rat 
was  given  one  block  of  four  trials  every  test  day.  On  the  fifth 
day  of  invisible  platform  testing,  the  platform  was  removed 
from  the  water  maze  for  a  fifth  trial  (“spatial  probe  trial"). 
The  water  maze  consisted  of  a  tank  132  cm  in  diameter  (hat 
was  painted  black  and  filled  with  room  temperature  water  to 
a  depth  of  34  cm.  The  invisible  platform  was  a  5  x  5  cm  black 
Plexiglas  square  supported  by  a  clear  Plexiglas  base  placed  3 
cm  below  the  surface  of  the  water.  The  visible  platform 
consisted  of  an  elevated  platform  with  a  6-cm-high  base  and 
20-cm-high  wooden  rods  placed  at  the  corners  on  top  of  the 
hidden  platform.  The  water  maze  was  located  in  the  cornet 
of  the  room  containing  numerous  extramaze  cues  (e.g., 
posters,  the  computer,  tables).  The  escape  platform  was  kept 
in  a  constant  position  in  the  water  maze  for  all  trials.  Start 
locations  were  semirandomized  such  that  the  first  (rial  each 
day  began  from  (he  same  location  as  the  last  trial  from  the 
previous  day,  and  the  first  trial  began  from  one  of  the 
locations  farthest  from  the  escape  platform,  ’f  a  rat  was 
unable  to  locate  the  platform  in  90  sec,  it  was  . omoved  from 
the  water  and  placed  on  the  platform  for  20  sec.  If  a  rat  was 
able  to  locate  the  platform,  it  was  allowed  to  remain  on  the 
platform  for  20  sec  before  beginning  the  next  trial.  The  swim 
path,  path  distance,  and  escape  latency  were  monitored  using 
a  video  camera,  and  videotrack  images  were  digitized  and 
analyzed  by  a  computer  programed  for  water  maze  data 
analysis  (San  Diego  Instruments,  San  Diego,  CA). 

In  Situ  Hybridization  and  Densitometry.  In  situ  hybridization 
was  performed  on  paraformaldehyde-lixed  coronal  tissue  sec¬ 
tions  using  oligonucleotide  probes  end-labeled  with  (3JPlATPor 
tailed  with  dCTP[JSS]  using  p'  'hods  described  previously  (4). 
For  initial  in  situ  hybridization  .  alysis,  a  39-mcr  specific  for  the 
KPI  motif  present  in  human  APP-75 1/770/563  mRNA  (.V- 
CTTCCCH'CAGTCACATCAAAGTACCAGCGGGAGAT- 
CAT-3')  was  used  for  in  situ  hybridization  (29).  To  increase  the 
specificity  of  the  hybridization  experiments,  35S-labcltd  40-mcr 
oligonucleotide  probes  based  on  recently  published  rat  se¬ 
quences  (30,  31)  corresponding  to  the  KPI  motif  shared  by 
APP-751/770/563  mRNA  sequences,  as  well  as  a  "splice- 
junction”  probe  corresponding  to  rat  APP-695  mRNA  (Fig.  1), 
were  hybridized  to  adjacent  tissue  sections  that  had  been 
collected  from  all  of  the  animals  used  in  this  study.  Aged  and 
young  rat  brain  tissue  sections  were  hybridized  on  the  same 
slides.  The  slides  were  hybridized  overnight  at  37°C,  and  (he 
posthybridizalion  rinses  were  taken  to  a  final  stringency  of  0.5  x 
SSC  (0.075  M  Na(  ,/l.j  niM  sodium  citrate)  at  56°C  for  the 
APP-695  probe  and  lx  SSC  (0.15  M  NaCi/15  mM  sodium 
citrate)  at  42°C  for  the  KPI-APP  probe.  The  hybridization  and 
rinsing  conditions  allow  the  discrimination  of  the  40-mcr  probe 
for  APP-695  mRNA  from  its  component  20-mers.  The  slides 
were  exposed  to  x-ray  film  (DuPont  Cronex-4)  and  subse¬ 
quently  processed  for  emulsion  autoradiography  using  Kodak 
NTB-2  emulsion.  Manual  grain  counting  was  used  tc  determine 
relative  APP  mRNA  levels  following  hybridization  with  tran¬ 
script-specific  probes  within  the  nucleus  basalis  as  described 
(32).  "Grain  clusters"  were  taken  to  represent  isotopic  emission 
from  single  cells  (4).  “  Within-scction”  ratios  were  then  used  to 
normalize  to  cell  groups  that  did  not  show  variation  correlated 
with  aging  or  behavioral  impairment,  such  as  the  lateral  nucleus 
of  the  amygdala.  These  normalized  values  were  then  used  to 


KPI  •  containing  APP  transcripts: 
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Fig.  1.  Schematic  depiction  of  Ihe  oligonucleotide  probes  used 
for  in  situ  hybridization  and  their  corresponding  APP-695  and 
KPI-conlaining  (.  ’P-751/770)  niRNAs.  Forty-base  oligonucleotide 
probes  specific  ror  APP-695  and  KPI-containing  forms  of  APP 
message  were  synthesized  based  on  published  rat  sequeitCvS  (30, 31). 
In  addition  to  APP-751  and  APP-770  mRNAs,  another  APP-related 
mRNA  (APP-563)  contains  Ihe  same  KPI  motif  (12)  but  is  not 
depicted.  The  black  region  at  the  3'  end  of  the  APP  mRNAs 
represents  the  /3/A4  protein  motif,  whereas  the  shaded  region 
represents  the  protease  inhibitor  motif  that  is  inserted  into  the  splice 
junction  shown  in  APP-695  mRNA. 

construct  ratios  of  the  relative  levels  of  KPI-containing  APP 
transcripts  to  APP-695  for  comparisons  between  impaired  and 
nonimpaired  aged  rats. 


RESULTS 

Three  of  four  aged  rats  in  the  initial  group  of  experimental 
animals  (batch  1)  showed  dramatic  increases  in  KPI  forms  of 
APP  mRNA  in  basal  forebrain  regions  relative  to  young  adult 
rats  that  were  processed  for  in  situ  hybridization  at  the  same 
time  Because  of  the  variable  results  in  the  aged  rats  of  batch 
1,  a  second  group  (batch  2)  of  experimental  animals  was 
examined,  which  consisted  of  three  aged  rats  with  clear 
cognitive  deficits  (impaired),  four  aged  rats  with  no  detect¬ 
able  cognitive  deficit  (nonimpaired),  and  four  matched  young 
adult  rats.  Fig.  2  shows  x-ray  film  images  of  in  situ  hybrid¬ 
ization  using  a  3JP-labeled  oligonucleotide  for  human  KPI- 
contatning  APP  mRNA  to  coronal  tissue  sections  (Left)  and 
behavioral  profiles  (Right)  of  an  aged  rat  with  spatial  memory 
deficits  (A),  a  nonimpaired  aged  rat  (B),  and  a  young  adult  rat 
(C).  At  this  level  of  the  decussation  of  the  anterior  commis¬ 
sure,  large  increases  in  this  inserted  form  of  APP  mRNA  can 
be  seen  within  the  diagonal  band/ventral  pallidal  complex 
and  within  the  striatum  of  behaviorally  impaired  rats  com¬ 
pared  with  either  a  nonimpaired  aged  rat  or  young  adult  rat 
fFig.  2).  Retrospective  analysis  of  results  obtained  with  batch 
1  animals  showed  a  pattern  consistent  with  a  correlation  of 
increased  KPI-containing  APP  message  levels  with  behav¬ 
ioral  impairment. 

To  examine  cellular  changes  in  APP  gene  expression  that 
occur  in  forebrain  neurons  during  aging,  in  situ  hybridization 
with  r’S-tailed  oligonucleotides,  based  on  the  published  rat 
sequences  (30,  31),  were  used  for  discrimination  of  KPI- 
containing  and  APP-695  mRNAs  on  tissue  sections  processed 
for  emulsion  autoradiography.  Relative  increases  in  KPI- 
containing  mRNA  levels  were  observed  in  the  medial  sep¬ 
tum,  ventral  pallidum/diagonal  band  complex,  and  nucleus 
basalis  magnocellularis  in  behaviorally  impaired  aged  rats 
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Fio.  2,  Elevuted  expression  of  KIM.-containing  (APP-751/ 
770/363)  iiiKNA  tiunsciipts  in  ihe  telencephalon  of  an  aged  rat  with 
spatial  memory  deficits.  (Left)  X-ray  film  images  of  in  *itn  hybrid¬ 
isation  of  KPl-containing  APP  mKNA  transcripts  on  coronal  tissue 
sections  of  rat  foiebiuin  at  Ihe  level  of  the  decussation  of  the  anterior 
commissure.  Tissue  sections  in  A  and  C  weie  hybridised  on  the  same 
slide,  and  the  section  in  U  was  hybridised  in  the  same  run.  Tissue 
sections  in  II  and  C  have  tears,  and  all  aie  notched  for  identification 
purposes.  Note  the  elevated  abundance  of  Kl’I-containing  Ai'l’ 
mKNA  in  Ihe  ventral  pallidum/diagonal  band  and  striatum  of  a 
bchaviorully  impaired  aged  tat  (A)  veisus  a  nonimpatied  aged  rat  ( U ) 
and  a  young  adult  tal  (Q.  (/ri'g/u)  Uehavioial  data  from  the  same 
animals  obtained  in  water  inase  trials.  '1  he  rat  in  A  shows  no  apparent 
deficit  in  locating  an  observable  platfoi  m  in  days  1-3,  as  indicated  by 
shun  latencies  to  find  Ihe  visible  platfoi m  dining  the  training  period. 
In  contrast,  this  animat  shows  a  severe  spatial  learning  deficit  when 
liained  to  find  the  hidden  platform  located  in  days  6-10,  us  indicated 
by  long  latencies  to  find  the  hidden  platform  maintained  over  the 
trials.  The  uonimpaired  rat  (It)  shows  similar  decreases  in  swim 
latencies  during  the  visible  platfoi  in  trials  as  in  the  liiducn  platform 
trials.  The  young  tut  (A)  shows  short  swim  path  latencies  over  all  of 
the  trials  A  human  KP1  probe  (see  text)  was  used  in  this  experiment. 

versus  nonimpaired  ruts.  Increased  levels  of  KPl-containing 
forms  of  API1  ntKNA  in  the  nucleus  basalis  magnocellularis 
and  adjacent  basal  ganglia  are  shown  in  Pig.  3.  'I  he  cellular 
specificity  of  KPl-containing  APP  mRNA  changes  was  con¬ 
firmed  by  examination  of  other  cell  types,  such  us  those  in  the 
cerebral  cortex  and  lateral  nucleus  of  the  amygdala,  which 
showed  similar  levels  of  these  forms  of  APP  mKNA  in  the 
same  tissue  sections  in  aged  intpuiied  rats  us  were  observed 
in  aged  nonimpaired  rats  (Fig.  3).  Examples  of  increases  in 
KPi-contuining  APP  mKNA  levels  combined  with  decreases 
in  APP-695  message  levels  are  shown  for  the  medial  septum 
of  a  bchaviorully  impaired  aged  rat  versus  a  nonimpaired 
aged  rat  in  Fig.  4.  Moic  variable  increases  in  KPl-coutuir.ing 
APP  mRNA  expression  were  observed  in  the  striatum  in  half 
of  the  belmviorally  impaired  aged  rats  (data  not  shown). 

To  provide  a  relative  estimate  of  the  increase  in  the  ratio 
of  KPl-containing  APP  transcripts  to  APP-695  mKNA  abun¬ 
dance  associated  with  behavioral  impairment  in  the  basal 
forebruin  of  the  aged  rut,  we  measured  Ihe  intensity  of 
}$S-lubclcd  probe  hybridization  from  tissue  sections  proc¬ 
essed  for  emulsion  uuloiadiogruphy.  Grain  counts  were  made 


from  cells  of  the  nucleus  basalis  in  three  behaviorally  im¬ 
paired  aged  ruts  versus  three  nonimpaired  aged  animals  (/*  = 
100  cells  per  animal).  In  intpuired  aged  rats,  the  ratio  of  grain 
counts  on  KPl-containing  to  APP-695  mRNA  levels  was 
significantly  higher  than  that  in  nonimpaired  aged  rats  (Fig. 
5).  In  contrast,  cells  of  the  lateral  nucleus  of  the  amygdala 
measured  on  ihe  sume  tissue  sections  had  similar  ratios  of 
APP  mKNA  hybridization  in  impaired  and  nonimpaired  aged 
animals  (Fig.  5).  Thus,  it  appears  that  relative  increases  in  the 
ratio  of  KPl-containing  to  APP-695  mRNA  hybridization  are 
anatomically  restricted  to  certain  cell  populations  in  behav- 
iorully  impaired  aged  ruts. 

DISCUSSION 

The  discovery  of  human  APP  mRNA  transcripts  containing 
inserted  sequences  encoding  serine  protease  inhibitor  do¬ 
mains  (9-1 1)  has  prompted  new  efforts  to  understand  how 
differentia!  APP  expression  may  contribute  to  amyloid  pa¬ 
thology  in  Al).  The  originally  described  APPcDNA  sequence 
predicts  a  protein  of  695  amino  acids  (APP-695)  (6),  whereas 
two  forms  of  0/A4  protein-containing  APP  mRNA  have  been 
described  that  also  encode  a  shared  protease  inhibitor  domain 
(APP-751  and  APP-770)  (9-11),  and  this  same  motif  has 
recently  been  described  in  a  form  of  APP  mRNA  that  does 
not  encode  the  fl/ A4  protein  (APP-related  563)  (12).  A  simple 
hypothesis  suggests  that  overexpression  of  one  form  of  APP 
mKNA  may  be  preferentially  associated  with  neuritic  plaque 
formation  and  cerebrovascular  amyloidoses.  However,  re¬ 
cent  studies  show  that  APP-695  and  APP-751/770  mRNAs 
are  expressed  widely  in  neurons  of  the  human  brain,  and  their 
anatomical  distribution  does  not  simply  correlate  with  neu¬ 
ronal  vulnerability  to  amyloid  pathology  (29).  Expression  of 
the  noninserted  APP-695  mRNA  is  largely  restricted  to  the 
brain  ( 10),  and  its  abundance  varies  between  different  cortical 
regions  of  human  CNS  (11,  29).  Northern  blotting  studies 
show  that  APP-751/770  mKNA  is  expressed  in  a  variety  of 
peripheral  tissues  (9-11)  and  is  expressed  at  relatively  equal 
levels  in  different  human  brain  regions  (11),  except  for  the 
hippocampal  formation,  where  elevated  levels  of  KPl- 
containing  APP  mKNA  have  been  described  (29).  In  the 
rodent  brain,  KPl-containing  forms  of  APP  mKNA  have  been 
suggested  to  represent  a  more  minor  component  of  total  APP 
mKNA  than  in  the  human  CNS  (33). 

Previously  demonstrated  increases  in  total  APP  mRNA 
expression  within  certain  neuronal  subpopulations  in  AD 
may  result  from  differential  APP  gene  expression.  For  ex¬ 
ample,  in  silo  hybridization  has  been  used  to  suggest  that 
elevated  expression  of  total  APP  mRNA  within  nucleus 
basalis  neurons  in  AD  is  due  to  a  selective  increase  in 
APP-695  (noninserted)  mRNA  levels  (34).  In  contrast, 
Johnson  cl  ol.  (35,  36)  used  Northern  blotting  to  show 
decieased  levels  of  APP-695  message  in  the  cortex  and 
hippocampal  formation  in  AD,  which  they  suggest  is  not  a 
simple  result  of  the  preferential  loss  of  APP-695-containing 
neurons  in  the  disease  (37).  In  addition,  increased  levels  of 
KPl-containing  (APP-770)  mRNA  have  been  observed  in  the 
biains  of  AD  patients  versus  age-matched  controls  (38).  Our 
results  show  that  levels  of  KIM  forms  of  APP  mRNA  are 
inci  eased  relative  to  APP-695  mRNA  in  the  telencephalon  of 
aged  rats  whose  spatial  memory  deficits  and  cholinergic 
neuronal  atrophy  are  antilogous  to  some  features  of  AD 
pathology  m  the  human.  A  possible  explanation  for  these 
findings  is  that  aged  rodents,  who  apparently  never  develop 
mature  amyloid  pathology  (39),  overexpress  a  form  of  APP 
that  is  not  processed  to  yield  the  pathological  fragment  of 
[1/A4  protein.  However,  recent  immunocytochemical  studies 
using  anti-/J/A4  protein  antibodies  have  revealed  a  more 
er/.—sive  distribution  of  “diffuse,"  immature  amyloid  de¬ 
posits  in  AD  brain  (40),  suggesting  the  possibility  that  a  wide 
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Fig.  3.  KPI-coniaining 
niRNA  levels  aie  increased  in  the 
nucleus  busalis  inagnocellularis 
(Nil)  in  aged  rals  with  spatial 
memory  itupaii  meats.  Daik-field 
pliolomicrogiaplis  show  in  situ  hy- 
biidiialion  using  a  rat  55S-labeled 
oligonucleotide  probe.  (A  and  C) 
Non-iinpuiied  aged  rat.  (U  and  /)) 
lleliaviorally  impaired  aged  rat.  (C 
and  O)  High  power  views  of  A  and 
It.  Large  arrows  indicate  the  lat* 
eial  nucleus  of  llie  amygdala, 
which  appears  to  contain  similar 
levels  of  Al'l*  niRNA  in  both  ani¬ 
mals.  The  cerebial  coitex  also  has 
similar  levels  of  Kl’l  forms  of  Al’l* 
niRNA  in  uonimpaiied  (E)  and 
impaited  (/•')  animals.  (A  and  It  bar 
-  500  pin;  C-E  bar  =  200  pm.) 


Fit..*!.  Differential  expiession 
of  AIT  niRNAs  in  the  medial  sep¬ 
tum  in  bchuvioially  uupaiied  aged 
i ats  Kl’l-containmg  Al’l’  niRNA 
levels  appeal  to  be  incicased  in 
the  medial  septum  of  an  impaited 
aged  lat  Ul,  allows)  vcisus  a  non- 
imp.iiied  aged  rat  (A),  wheieas  a 
moie  global  deciease  in  AIT-695 
niRNA  hybiidi/.alion  is  apparent 
in  this  legion  in  these  same  ani¬ 
mals  (('.  uonimpaiied  aged  rat;  /), 
impaired  aged  lat).  (liar  -  200 


3036 


Ncurobiolojjy:  Higgins  el  at. 


Proc.  Natl.  Acad.  Set.  USA  87  (1990) 


Fig.  S.  Quantification  of  giain  density  measurements  from  in  situ 
liybi  idizuiion  data  shows  that  tiie  ratio  of  K  Pi-containing  to  Al*l*-6y5 
mRNA  hybridization  is  increased  in  the  nucleus  hasalis  of  aged  rats 
with  behavioral  impairments  (/*  <  0.03;  nonimpaired;  0.37  ±  0.00; 
impaired:  1.20  &  0.33;  it  -  three  animals).  Similar  ratios  of  APP 
transcripts  are  found  in  the  lateral  nucleus  of  the  amygdala  in 
impaired  versus  nonimpaired  aged  ruts  (/'  >  0.2$;  nonimpaired:  0.6) 
±  0.11;  iinpuired:  0.30  J:  0.04;  n  -  lluee  animals). 

spectrum  of  aged  mammals  may  accumulate  amyloid  depos¬ 
its  reminiscent  of  the  human  but  not  previously  visualized 
using  traditional  staining  methods.  Thus,  although  it  appears 
that  an  increase  in  the  neuronal  ratio- of  KIM-containing  to 
noninserted  APP  ntRN  As  is  emerging  as  a  common  theme  in 
AD  and  in  aged  rats,  it  is  also  possible  that  other  cell  types 
such  as  microglia  or  astrocytes  may  be  a  source  of  the  /3/A4 
protein.  In  this  context,  0/A4  protein  iinnuinoreactivity  has 
recently  been  found  within  reactive  astrocytes  in  lesioned  rat 
bruin  (41)  and  within  skin  cells  in  AD  patients  (42),  suggesting 
the  possibility  that  shifts  in  APP  gene  expression  or  pro¬ 
cessing  may  be  u  common  feature  of  many  cell  types  follow¬ 
ing  damage  and/or  in  association  witli  neurodegenerutive 
disease. 

Previous  studies  have  demonstrated  the  presence  of  NGF- 
responsive  cholinergic  neurons  within  some  of  the  same 
regions  of  the  basal  telencephalon  that  showed  increased 
expression  of  KPi-contuining  APP  mKNAs  in  this  study. 
Magnocellular  cholinergic  neurons,  which  comprise  the  Chl- 
Ch4  cell  groups  and  innervate  the  cerebial  cot  lex  and  the 
hippocampal  formation,  are  affected  by  AD  pathology  (19, 
20),  and  decreased  NGF  responsiveness  of  these  basal  fore- 
brain  neuronal  population  appears  to  be  a  primary  feature  of 
the  disease  (43).  Neuronal  atrophy  has  been  described  in 
homologous  regions  of  rat  forebrain  during  aging  and  is 
correlated  with  behavioral  deficits  in  learning  and  memory 
tusks  reminiscent  of  those  seen  in  AD  patients  (21).  Our 
results  suggest  the  possibility  that  alterations  in  the  ratio  of 
APP  rnRNAs  may  be  associated  with  neuronal  atrophy  in  a 
subpopulation  of  aged  ruts  that  exhibit  behavioral  impair¬ 
ments.  Studies  aimed  at  a  systematic  evaluation  of  the  time 
course  of  APP  expression  in  relationship  to  development  of 
the  cognitive  disorder  should  provide  further  insight  into  the 
mechanism  of  behavioral  deterioration  in  the  aging  nervous 
system. 
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Nerve  growth  factor  (NGF)  is  produced  and  secreted  by  astrocytes  and  fibroblasts,  but  not  by  microglia,  in  a  primary  non-neuronal  cell 
culture  derived  from  newborn  rat  brains  under  a  standard  culture  condition.  NGF  secretion  by  astrocytes  was  highest  just  after  passage  and 
then  gradually  decreased.  There  is  no  significant  difference  in  NGF  secretion  by  astrocytes  from  five  sites  of  origin  tested;  cerebral  cortex, 
striatum,  hippocampus,  septum,  and  cerebellum.  Acidic  and  basic  fibroblast  growth  factors  (aFGF  and  bFGF)  significantly  increased  NGF 
secretion  by  astrocytes.  The  effect  of  aFGF  was  greater  than  that  of  bFGF,  and  the  effect  of  both  FGFs  was  not  additive  at  the  maximum 
concentration.  The  peak  of  NGF  secretion  stimulated  by  aFGF  occurred  3-12  h  after  the  addition  of  aFGF.  On  the  other  hand,  the  dramatic 
increase  in  cell  numbers  was  observed  12-48  h  after  stimulation,  and  the  morphological  change  became  significant  24  h  after  aFGF  stimulation. 
NGF  synthesized  by  astrocytes  is  rapidly  secreted  into  the  culture  medium  and  aFGF  enhances  NGF  secretion  from  the  transcription  level, 
because  cycloheximide  and  actinomycin-D  completely  inhibited  NGF  secretion  by  astrocytes  in  the  presence  or  absence  of  aFGF.  Epidermal 
growth  factor  (EGF),  interleukin- 1/)  (IL- 1/3),  and  tumor  necrosis  factor-a  (TNF-a)  also  increased  NGF  secretion  by  astrocytes  to  a  certain 
extent.  NGF  secretion  by  astrocytes  in  the  presence  of  a  maximum  dose  of  aFGF  was  enhanced  by  the  addition  of  IL-1/3  or  TNF-a,  but  not 
EGF.  However,  platelet-derived  growth  factor,  interleukin-3,  and  interleukin-6  had  no  significant  effects.  FGFs  also  enhanced  NGF  secretion 
by  fibroblasts  derived  from  meninges,  but  not  by  microglia. 


INTRODUCTION 

Astrocytes  are  the  supporting  cells  for  neurons  in  the 
nervous  system  and  have  unique  neurotrophic  effects. 
These  neurotrophic  effects  have  been  investigated  mainly 
by  in  vitro  experiments.  Astrocytes  enhance  neuronal 
survival  and  neurite  elongation,  and  suppress  the  prolif¬ 
eration  of  neuroblasts4,35'41,42,60.  Neurotrophic  effects  of 
astrocytes  are  considered  to  be  mainly  mediated  by 
neurotrophic  factors  (NTFs)41,  Nerve  growth  factor 
(NGF),  which  was  originally  found  as  a  neurite-pro- 
moting  factor  for  peripheral  sensory  and  sympathetic 
N  neurons6,33,  has  recently  been  revealed  to  be  produced 
and  be  functioning  as  a  NTF  in  the  central  nervous 
,v  system  (CNS)31.  The  most  well-characterized  NGF- 
sensitive  neurons  in  the  CNS  are  cholinergic  neurons  in 
the  basal  forebrain20,21,27.  Hippocampal  neurons,  which 
are  the  target  cells  of  cholinergic  neurons  in  medial 
septum,  have  also  been  shown  to  produce  NGF2,48,57. 
Although  there  is  no  direct  evidence  for  NGF  production 
by  astrocytes  in  vivo,  our  previous  data  have  shown  that 
astrocytes  play  important  roles  in  the  sprouting  of 
NGF-sensitive  septal  cholinergic  neurons  after  axo- 
tomy14.  Moreover,  NGF  production  by  astrocytes  in  vitro 


has  been  demonstrated  previously13,28,59.  In  the  in¬ 
jured  brain,  astrocytes  might  be  stimulated  to  produce 
NTFs,  including  NGF,  which  can  affect  the  damaged 
neurons.  The  purpose  of  this  study  is  to  discover  the 
mechanism  regulating  the  production  of  NGF  by  astro¬ 
cytes  in  vitro.  We  examined  the  effects  on  NGF  secretion 
by  astrocytes  of  several  growth  factors  and  lymphokines, 
including  acidic  and  basic  fibroblast  growth  factors 
(aFGF  and  bFGF),  which  are  abundant  in  the  brain  and 
are  the  most  potent  proliferation  factors  for  astro¬ 
cytes37. 

MATERIALS  AND  METHODS 

Growth  factors  and  lymphokines 
Acidic  and  basic  FGFs  from  bovine  brain  were  purchased  from 
R&D  Systems,  Inc.  Human  recombinant  platelet-derived  growth 
factor  (PDGF-BB)  and  human  recombinant  interleukin-1/3  (IL-1/3) 
were  from  Genzyme.  Murine  recombinant  IL-3  was  from  Gibco. 
Human  IL-6  was  from  Endogen.  Mouse  submaxillary  epidermal 
growth  factor  (EGF)  and  human  recombinant  tumor  necrosis 
factor-a  (TNF-a)  were  obtained  from  Sigma. 

Cell  culture 

Several  brain  regions  were  dissected  out  from  newborn  rats 
(Fischer  311),  and  the  meninges,  blood  vessels,  and  choroid  plexus 
were  carefully  removed  under  a  dissection  microscope,  The  brain 
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fragments  made  by  passing  through  a  stainless-steel  mesh  (pore  size 
200  ft m)  were  suspended  in  Dulbecco  modified  Eagle's  medium 
(DMEM)  supplemented  with  10%  fetal  calf  serum  (FCS),  2.5  mg/1 
Fungizone,  and  40  mg/1  gentamicin,  and  were  seeded  in  poly- 
L-lysine-coated  culture  flasks  (25  cm2,  Corning).  Astrocyte-enriched 
culture  obtained  after  two  passages  with  the  enzymatic  treatment 
was  used  for  the  present  study. 

Meninges  removed  from  newborn  rat  brain  were  seeded  in 
poly-L-lysine-coated  culture  flasks  (25  cm2).  Fibroblast  cultures 
were  obtained  after  several  passages  with  enzymatic  dissociation 
from  this  primary  culture  in  untreated  culture  flasks. 

Microglia  were  collected  from  over-confluent  astroglial  cultures 
according  to  Giulian  and  Baker15. 

All  of  the  cells  used  in  the  present  study  were  grown  in  10% 
FCS-DMEM  at  37  °C  in  5%  C02-95%  room  air. 

The  cells  were  seeded  on  24-well  plates  (Corning)  for  the 
measurement  of  NGF  secretion,  and  were  incubated  with  0.3 
ml/well  of  medium  for  NGF  measurement.  The  cell  numbers  were 
counted  using  a  Coulter  counter. 

NGF  protein  measurement 

NGF  protein  levels  were  measured  by  two-site  enzyme-immu¬ 
noassay.  (1)  Polystyrene  microtiter  plates  (PRO-BIND  assay  plate, 
Falcon)  were  incubated  with  100  /d/well  of  50  mM  sodium 
carbonate/sodium  bicarbonate  buffer,  pH  9.6,  containing  0.1  fig  of 
mouse  monoclonal  anti-mouse /1NGF  (Boehringer-Mannheim)  for  2 
h  at  37  °C.  (2)  Each  well  was  incubated  for  16  h  at  4  °C  with  50  ftl 
of  the  samples  or  with  a  standard  solution  (5-160  pg  of  mouse 
/SNGF/ml  of  sample  buffer:  Tris  HC1  50  mM,  NaCl  200  mM,  CaCI2 
10  mM,  bovine  serum  albumin  (BSA)  1%  (w/v),  Triton  X-100  0.1% 
(w/v);  pH  7.0).  An  additional  3  blank  wells  were  incubated  with 
sample  buffer  but  without  NGF.  (3)  /3-Galactosidase-conjugated 
monoclonal  anti-mouse  /3NGF  (Boehringer-Mannheim)  was  diluted 
to  0.4  U/ml  with  sample  buffer.  Each  well  was  incubated  with  this 
solution  for  4  h  at  37  °C.  Each  step  described  above  was  followed 
by  3  washes  with  sample  buffer  without  BSA.  (4)  /3-Galactosidase 
activity  was  determined  by  incubation  with  100  ft\  of  the  freshly 
prepared  substrate  solution  (0.3  mg/ml  of  o-nitropheny!  galactopy- 
ranoside  in  the  substrate  buffer:  HEPES  100  mM,  NaCl  150  mM, 
MgCl2  2  mM,  BSA,  1%  (w/v);  pH  7.0)  for  3  h  in  the  dark  at  37  °C. 
The  optical  density  of  the  generated  colored  product  was  measured 
at  405  nm  by  using  ELISA-reader  (Titertek  Multiskan  Plus,  Flow 
Labs,  Inc.).  The  detection  limit  of  this  assay  is  5-10  pg/ml. 

Immunocytochemistry  and  cell  labelling  method 

Cells  were  grown  on  poly-L-lysine  coated  (for  astrocytes  and 
fibroblasts)  or  untreated  (for  microglia)  sterilized  round  coverslips 
(diameter  13  mm)  placed  in  24-well  culture  plates  for  histological 
evaluation.  Cells  were  fixed  with  3.7%  formaldehyde  in  phosphate- 
buffered  saline  (PBS)  for  5  min  at  room  temperature.  For  glial 
fibrillary  acidic  protein  (GFAP)  immunocytochemistry,  cells  were 
treated  with  methanol  at  -4  °C  for  5  min.  Subsequently  cells  were 
treated  sequentially  with  the  following  reagents:  (1)  0.3%  H202  in 
PBS  for  30  min;  (2)  0.1  M  glycine  for  15  min;  (3)  5%  BSA  for  30 
min;  (4)  rabbit  anti-cow  GFAP  (1:2,000,  Dakopatts),  rabbit 
anti-human  fibronectin  (1:20,000,  Cappel),  or  mouse  monoclonal 
antibody  MAC  OX-42  (1:100,  Serotec)  in  1%  BSA-PBS  for  16  h  at 
4  °C;  (5)  biotinylated  anti-mouse  or  anti-rabbit  IgG  (Vector;  1:200) 
in  1%  BSA-PBS  for  60  min;  (5)  horseradish  peroxidase-conjugated 
biotin-avidin  complex  (Vector;  1:100)  in  1%  BSA-PBS  for  60  min; 
(6)  0.05%  solution  of  diaminobenzidine  tetrahydrochloride,  0.01% 
H202,  and  0.04%  nickel  chloride  in  0.1  M  Tris-buffered  saline. 
Immunolabelled  cells  were  dehydrated  in  graded  alcohol  and 
mounted  on  slideglass  with  Permount  (Fisher). 

Microglia  grown  on  untreated  coverslips  were  incubated  with 
culture  medium  containing  10  ftglm\  of  acetylated  low  density 
lipoprotein  labeled  with  l,l'-dioctadecyl-l-3,3,3',3'-tetrathyl-indo- 
carbocyanine  perchlorate  (Dil-Ac-LDL;  Biomedical  Technologies, 
Inc.)  for  3  h  at  37  °C  in  5%  C02-95%  room  air.  Cells  were  washed 
with  culture  medium  3  times,  fixed  with  3.7%  formaldehyde  in  PBS 


for  5  min,  and  mounted  on  slidegla.  ,vith  Fluoromount-G 
(Southern  Biotechnology  Associates,  Inc.). 

RESULTS 

Cell  types  and  NGF  secretion 
The  cultures  obtained  after  two  passages  with  an 


Fig.  1.  Immunocytochemistry  of  astrocyte-enriched  cultures  derived 
from  hippocampus  for  GFAP  (a),  MAC  OX-42  (b),  and  fibronectin 
(c).  Arrowheads  and  arrows  indicate  typical  OX-42-positive  micro¬ 
glia  and  fibronectin-positive  fibroblasts,  respectively.  xll2. 
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Fig.  2.  Fibroblasts  from  meninges  stained  for  fibroncctin  (a),  and  purified  microglia  labeled  with  Dil-Ac-LDL  (b).  x  120. 


enzymatic  treatment  from  newborn  rat  brains  are  mainly  secretion  by  astrocytes  at  the  overconfluent  stage  is 

composed  of  GFAP-positive  astrocytes  (Fig.  la),  but  sometimes  lower  than  the  detection  limit  (data  not 

other  types  of  cells  are  also  present.  The  major  popula-  shown). 

tion  of  contaminated  cells  are  microglia  (Fig.  lb).  We  NGF  secretion  by  astrocytes  derived  from  cerebral 

tried  to  keep  the  contamination  of  microglia  to  less  than  cortex,  striatum,  hippocampus,  septum,  and  cerebellum 

5%  by  an  earlier  passage  from  a  primary  culture  and  by  was  tested  just  after  passage.  NGF  contents  in  the 

removing  the  detached  cells  at  the  washing  process  with  conditioned  media  (CM)  are  well  correlated  with  the 

Dulbecco’s  PBS  during  the  passage  procedure.  Fibro-  final  cell  number  at  the  lower  cell  density,  and  reach  a 

blasts  may  also  be  present  in  our  cultures  (Fig.  lc),  but  plateau  at  the  higher  cell  density.  All  of  the  astrocytes 

the  percentage  of  fibroblasts  is  much  less  than  1%.  derived  from  the  5  different  sites  of  origin  can  secrete 

Although  our  astrocyte-enriched  cultures  are  pure  NGF  in  the  same  manner  (Fig.  4).  NGF  production  by 

enough  to  be  characterized  as  astrocytes,  we  obtained  the  fibroblasts  and  microglia  was  also  examined  under  the 

pure  fibroblast  culture  from  meninges  (Fig.  2a)  and  same  conditions.  The  NGF  level  of  microglia  CM  at  each 

microglia-enriched  culture  from  over-confluent  astroglial  cell  density  tested  (0.2-1. 2  x  10s  cells/well)  was  lower 

cultures  (Fig.  2b).  than  the  detection  limit;  however,  fibroblasts  secreted 

We  first  examined  NGF  secretion  by  astrocytes  from  significant  levels  of  NGF  (Fig.  4).  Although  NGF 

newborn  rat  hippocampus  under  a  standard  culture  secretion  per  cell  by  fibroblasts  is  higher  than  that  by 

condition.  NGF  secretion  by  astrocytes  is  highest  just  astrocytes,  the  number  of  fibroblasts  contaminating  to 

after  passage  and  then  gradually  decreases  (Fig.  3).  NGF  our  astrocyte-enriched  culture  is  not  high  enough  to 


Days  after  passage  Ceil  Number  (xio-5cciis'wcii) 


Fig.  3.  Astrocytes  derived  from  rat  hippocampus  were  seeded  at  a  Fig  4  Astrocytes  from  5  different  sites  of  origin  and  fibroblasts 

density  of  1  6  x  HP  cells/well.  NGF  levels  in  the  CM  after  24  h  of  obtained  from  meninges  were  seeded  at  various  cell  densities  NGF 

incubation  and  the  final  cell  numbers  were  determined  at  various  contents  in  the  CM  were  examined  24  h  after  seeding  to  compare 

time  points  after  passage  I  he  values  represent  the  means  ±  SI)  the  ability  of  astrocytes  from  various  sites  of  origin  and  fibroblasts 

of  3  determinations  to  secrete  NGF 
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Fig.  5.  The  effects  of  aFGF  (a)  and  bFGF  (b)  on  astrocytes  derived 
from  cerebral  cortex  3  days  after  passage  were  examined.  Different 
doses  of  aFGF  and  bFGF  were  added  to  the  culture  media.  NGF 
levels  in  the  CM  and  cell  numbers  after  24  h  of  incubation  were 
determined.  The  values  represent  the  means  ±  S.D.  of  3  determi¬ 
nations  (**P  <  0.01,  *P  <  0.05;  Student’s  r-test). 

secrete  a  detectable  level  of  NGF. 

Based  on  these  results,  we  decided  to  use  the  astro¬ 
cytes  from  cerebral  cortex  three  days  after  passage  for 
our  experiments. 


non*  aFQF  bFQF  iFQF+bFQF 


Fig.  6.  The  combined  effect  of  aFGF  and  bFGF  on  NGF  secretion 
by  astrocytes  three  days  after  passage  was  examined.  NGF  levels  in 
CMs  24  h  after  incubation  were  measured.  The  values  represent  the 
means  ±  S.D.  of  3  determinations  (*P  <0.1;  compared  to  aFGF, 
bFGF,  and  none.  Student’s  /-test). 

the  previous  data  had  shown  that  the  effects  of  both 
FGFs  were  similar  and  that  aFGF  had  a  stronger  effect 
on  NGF  secretion  than  bFGF.  The  enhancement  of  NGF 
secretion  by  the  addition  of  25  ng/ml  of  aFGF  was 
detected  within  3  h,  and  the  peak  of  NGF  secretion 
occurred  6-9  h  after  stimulation  (Fig.  7a).  NGF  secretion 
24-48  h  after  aFGF  stimulation  was  almost  the  same  as 
that  seen  in  control  cells  (Fig.  7a).  On  the  other  hand,  a 
remarkable  increase  in  cell  number  was  observed  12-48 
h  after  the  aFGF  stimulation  (Fig.  7b),  and  the  morpho¬ 
logical  changes  became  significant  24  h  after  the  addition 
of  aFGF  (Fig.  8).  As  part  of  this  experiment,  the  effects 
of  cycloheximide  (CH)  and  actinomycin-D  (AC-D), 
which  are  a  protein  synthesis  inhibitor  and  an  RNA 


Effects  of  FGFs  on  NGF  secretion  by  astrocytes 

Fig.  5  shows  the  effects  of  aFGF  and  bFGF  on  NGF 
secretion  by  astrocytes.  Both  types  of  FGFs  dramatically 
enhanced  NGF  secretion  by  astrocytes  in  a  dose-depen¬ 
dent  manner,  and  the  effect  of  bFGF  slightly  decreased 
at  the  highest  concentration.  The  effects  of  both  types  of 
FGFs  on  NGF  secretion  were  not  additive  at  the 
concentraton  which  elicits  the  maximum  effect,  although 
they  were  additive  at  a  lower  concentration  (Fig.  6). 
These  results  suggest  that  both  FGFs  stimulate  the  same 
transduction  pathway  to  NGF  synthesis  and  secretion. 

Subsequently  the  time  course  of  NGF  secretion  by 
astrocytes  stimulated  by  aFGF  was  examined,  because 


TABLE  1 

The  effects  of  cycloheximide  (CH)  and  actinomycin-D  (AC-D)  on 
NGF  secretion  by  astrocytes 


NGF  concentrations  in  CM  determined  after  9  h  of  incubation.  Cell 
numbers  were  counted  at  the  end  of  the  experiment.  Values 
represent  means  ±  S.D.  of  3  determinations. 


Treatment 

NGF  cone, 
(pglml) 

Cell  no. 

(x  10s  cells!  well) 

None 

15  ±2 

3.46  ±  0.09 

aFGF  (25  ng/ml) 

63  +  3 

3.38  ±0.18 

aFGF  +  CH  (10//g/ml) 

<5 

3.30  +  0.17 

aFGF  +  AC-D  (10/<g/ml) 

<5 

3.37  +  0.07 

TABLE  II 
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Fig.  7.  NGF  contents  (a)  and  final  cell  numbers  (b)  were  measured 
after  various  incubation  times  in  the  presence  of  aFGF  (25  ng/ml). 
At  the  last  time  point  both  FGF-stimulated  and  control  cells  were 
incubated  with  the  medium  without  FGF  for  the  last  24  h.  Values 
represent  means  ±  S.D.  of  3  determinations  (**P  <  0.01,  *P  < 
0.05;  Student's  r-test). 


synthesis  inhibitor,  respectively,  were  tested.  The  results 
shown  in  Table  I  indicate  that  NGF  protein  synthesized 
by  astrocytes  is  rapidly  secreted,  and  aFGF  apparently 
stimulates  NGF  production  and  secretion  from  the 
transcription  level. 


Fig.  8.  GFAP  immunocytochemical  staining  of  untreated  astrocytes  (a) 
ne/mHl.  X120. 


The  effects  of  various  growth  factors  and  lymphokines  on  NGF 
production  by  astrocytes 

NGF  concentrations  in  CM  determined  after  24  h  incubation.  Cell 
numbers  were  counted  at  the  end  of  the  experiment.  NGF  secretion 
standardized  by  the  cell  number  determined  at  the  end  of  the 
experiment.  Effects  of  lymphokines  were  examined  by  a  separate 
experiment.  Values  represent  means  ±  S.D.  of3  determinations. 


Treatments 

Cone,  of 
NGF  in  CM 
(pglmi) 

Cell  no. 

(x  10s /well) 

NGF  secretion 
( pg/10 s  cells l 

24  h) 

None 

30  ±6 

2.19  ±0.12 

4.2  ±0.5 

aFGF  (25  ng/ml) 

113+14** 

2.65  ±0.08" 

'  12.9  ±2.0** 

bFGF  (25  ng/ml) 

90+11** 

2.48  ±0.03* 

10.8  ±1.4** 

PDGF  (10  ng/ml) 

24  ±2 

2.27  ±0.01 

3.1  ±0.3 

EGF  (20  ng/ml) 

46  +  3** 

2.33  ±  0.20 

5.9  ±0.3* 

None 

18  +  3 

1.97  ±0.06 

2.7  ±0.5 

IL-1/3  (30  U/ml) 

42  ±8* 

2.06  ±0.09 

6.1  ±1.0* 

IL-3  (100  U/ml) 

Mil 

1.82  ±0.05 

2.3  ±0.3 

IL-6  (30  U/ml) 

15  +  2 

1.79  ±0.05 

2.6  ±0.2 

TNF-a  (100  ng/ml) 

43  ±9* 

2.08  ±0.03 

6.2  ±1.2* 

*  *  P  <  0.01 ,  *  P  <  0.05  (Student’s  t-  test) . 


NGF  secretion  by  astrocytes  induced  by  growth  factors 
and  lymphokines 

The  effects  of  other  growth  factors  and  lymphokines 
are  summarized  in  Table  II.  PDGF,  IL-3,  and  IL-6  do  not 
have  a  significant  effect  on  NGF  secretion  by  astrocytes. 
However,  EGF,  IL-1/3,  and  TNF-a  also  increased  NGF 
secretion.  Among  the  growth  factors  and  lymphokines 
tested  in  the  present  study,  FGFs  were  found  to  be  the 
most  potent  stimulators  of  NGF  production  by  astro¬ 
cytes. 

Subsequently  the  effects  of  EGF,  IL-1/3,  and  TNF-a 
were  examined  in  the  presence  of  aFGF.  IL-1/3  and 
TBF-a  increased  NGF  secretion  under  this  condition, 


and  aFGF-treated  astrocytes  (b;  24  h  after  the  addition  of  aFGF  (25 
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(FQF:  25  ng/ml 
EOF:  20  ng/ml 
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Fig.  9.  The  effects  of  EGF  (a),  IL-1/9  (b),  and  TNF-a  (c)  on  NGF 
secretion  by  astrocytes  were  tested  in  the  presence  of  aFGF  under 
the  same  culture  conditions  described  in  the  legend  of  Fig.  6.  Values 
represent  means  1  S.D.  of  3  determinations.  (*P  <  0.01;  compared 
to  aFGF,  IL-1  /?,  and  none.  **P<  0.05;  compared  to  aFGF,  TNF-a, 
and  none.  Student’s  /-test). 
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Fig.  10.  The  proposed  mechanism  of  FGF  activation  of  astrocytes 
in  the  damaged  brain.  In  the  normal  brain,  FGFs  are  mainly 
localized  in  the  neurons.  (1)  In  the  case  of  brain  damage,  FGFs  are 
released  into  the  extracellular  space  from  neurons,  and  act  on 
astrocytes  as  a  paracrine  type  growth  factor.  The  disrupted 
blood-brain  barrier  may  allow  the  influx  of  EGF  in  blood  into  the 
damaged  brain.  Microglia  activated  by  the  injury  secrete  IL-1, 
TNF-a,  and  NGF.  (2)  FGFs,  EGF,  TNF-a  and  IL-1  stimulate  the 
secretion  of  NGF,  and  possibly  other  unknown  NTFs,  by  astrocytes 
to  save  the  damaged  neurons.  FGFs  also  stimulate  NGF  production 
by  Fibroblasts.  (3)  Subsequently,  the  number  of  astrocytes  increases 
remarkably.  (4)  Astrocytes  become  so-called  ‘reactive’  astrocytes  at 
the  end  of  this  activation  process.  These  reactive  astrocytes  no 
longer  actively  secrete  NGF. 


and  the  results  showed  that  aFGF  and  IL-/J  or  TNF-a  9b, c).  However,  EGF  had  no  significant  effect  in  the 

synergically  regulate  NGF  secretion  by  astrocytes  (Fig.  presence  of  aFGF  (Fig.  9a). 


TABLE  III 

The  effects  of  FGFs  on  NGF  secretion  by  fibroblasts  from  meninges 

NGF  concentrations  in  CM  determined  after  24  h  incubation  from  3 
days  after  passage.  Cell  numbers  were  counted  at  the  end  of  the 
experiment.  NGF  secretion  standardized  by  the  cell  number 
determined  at  the  end  of  the  experiment.  Values  represent  means  1 
S.D.  of  3  determinations. 


Treatments 

Cone,  of 
NGF  in  CM 
(pglml) 

Cell  no. 
(xlffi/well) 

NGF  secretion 
(pgHO5  cells 1 

24  h) 

None 

18+1 

0.42  1  0.03 

12.811.2 

aFGF  (25  ng/ml) 

104+12** 

0.6110.03* 

50.914.0** 

bFGF  (25  ng/ml) 

43  1  3** 

0.4510.03 

28.7  +  0.5** 

**P  <  0.01 ,  * P  <  0.05  (Student’s /-test). 


TABLE  IV 

The  effects  of  FGFs  and  LPS  on  NGF  secretion  by  microglia 

NGF  concentrations  in  CM  determined  after  24  h  incubation  from  2  h 
after  passage.  Cell  numbers  were  counted  at  the  end  of  the 
experiment.  NGF  secretion  standardized  by  the  cell  number 
determined  at  the  end  of  the  experiment.  Values  represent  means  ± 
S.D.  of  3  determinations. 


Treatments 

Cone,  of 
NGF  in  CM 
(pglml) 

Cell  no. 

<x  10s!  well) 

NGF  secretion 
(pgl 10s  cells! 

24  h) 

None 

<10 

1.1710.01 

- 

LPS(10//g/ml) 

23  +  8 

1.2810.07 

5.412.1 

aFGF  (25  ng/ml) 

<10 

1.2610.05 

- 

bFGF  (25  ng/ml) 

<10 

1.2410.08 

- 

* 


A2A 

Effects  of  FGFs  on  NGF  secretion  by  fibroblasts  and 
microglia 

Because  FGFs  were  revealed  to  be  potent  regulators  of 
NNF  production  by  astrocytes,  the  effects  of  FGFs  on 
NGF  secretion  by  fibroblasts  and  microglia  were  tested. 
Both  of  the  FGFs  also  increased  NGF  secretion  by 
fibroblasts  (Table  III);  however,  the  FGFs  had  no 
significant  effects  on  NGF  secretion  by  microglia.  Lipo- 
poly-saccharide  (LPS;  Sigma)  enhanced  NGF  production 
by  microglia  (Table  IV). 

DISCUSSION 

FGFs,  which  were  originally  purified  from  the  brain 
and  the  pituitary  gland  as  potent  mitogens  for  fibro¬ 
blasts18,51,  are  pluripotent  growth  factors  for  many  kinds 
of  cells,  including  astrocytes52.  The  typical  effects  of 
FGFs  on  astrocytes  are:  (1)  stimulation  of  proliferation, 

(2)  remarkable  morphological  changes  (astrocytes  be¬ 
come  more  fibrous-shaped  in  the  presence  of  FGFs),  and 

(3)  induction  of  astrocyte-specific  proteins,  such  as  GFAP 
and  glutamine  synthetase37,38,46.  We  have  demonstrated 
here  the  role  of  FGFs  as  potent  regulators  of  NGF 
synthesis  and  secretion  by  astrocytes  and  fibroblasts. 

The  most  well-characterized  NGF-sensitive  cells  in  the 
CNS  are  the  cholinergic  neurons  in  the  basal  forebrain, 
and  the  NGF-producing  cells  are  their  target  neurons.  In 
the  normal  brain,  NGF  molecules  synthesized  in  the 
target  neurons  are  retrogradely  transported  to  the  NGF- 
sensitive  neurons  and  act  as  a  maturation  and  mainte¬ 
nance  factor20,21,30.  It  is  well  known  that  astrocytes  have 
an  exclusive  neurotrophic  effect  in  vitro,  and  this  effect 
is  considered  to  be  mediated  by  NTFs,  including  NGF. 
NGF  produced  by  astrocytes  may  not  be  important 
during  the  normal  development  of  the  CNS  neurons, 
because  the  proliferation  and  maturation  of  astrocytes 
occur  later  than  the  maturation  of  neurons9.  However,  in 
the  pathological  condition,  NGF  produced  by  astrocytes 
may  play  an  important  role  in  repair,  sprouting,  and 
aberrant  regeneration.  We  assume  that  astrocytes  are 
stimulated  to  produce  and  secrete  NTFs,  including  NGF, 
in  the  damaged  brain  and  support  the  survival  of 
damaged  neurons.  The  present  results  strongly  support 
our  hypothesis.  In  the  case  of  brain  damage,  FGFs,  which 
are  mainly  localized  in  the  neurons  in  the  normal 
brain29,47,  might  be  released  into  the  extracellular  space 
and  stimulate  proliferation  of  and  NGF  secretion  by 
astrocytes.  FGFs  are  also  considered  to  be  produced  by 
astrocytes  and  to  act  as  an  autocrine  growth  factor11,22; 
thus,  exogenous  FGF  might  stimulate  FGF  production  by 
astrocytes. 

The  increase  in  NGF  production  and  secretion  by 
astrocytes  is  an  early  and  transient  response  to  FGF 


stimulation,  relative  to  the  morphological  changes  in  the 
cells.  The  morphological  appearance  of  astrocytes  in¬ 
duced  by  FGFs  is  similar  to  that  of  reactive  astrocytes  in 
vivo.  Our  present  results  suggest  that  the  so-called 
‘reactive  astrocytes’  do  not  actively  secrete  NGF.  FGFs 
may  also  enhance  the  production  by  astrocytes  of  other 
kinds  of  NTFs,  in  addition  to  NGF,  as  evidenced  by  the 
fact  that  brain  injury  increases  non-NGF  type  neurotro¬ 
phic  activity  at  the  lesion  site43. 

Among  the  growth  factors  and  lymphokines  we  tested, 
EGF,  IL-1,  and  TNF-a  enhanced  NGF  production  by 
astrocytes.  A  significant  level  of  EGF  exists  in  the  blood 
and  the  cerebrospinal  fluid  (CSF)7,26.  The  disrupted 
blood-brain  barrier  and  blood-CSF  barrier  in  the  case  of 
brain  injury  may  allow  the  influx  of  EGF  into  the  brain. 
On  the  other  hand,  IL-1  and  TNF-a  are  products  of  the 
activated  microglia  (macrophage)8,24,  and  IL-1  has  been 
shown  to  be  a  proliferation  factor  for  astrocytes16,17. 
EGF  and  IL-1  have  also  been  shown  to  exist  in  the 
brain510,  and  IL-l-like  activity  was  shown  to  be  increased 
by  brain  injury44;  thus  EGF  and  IL-1  may  act  on 
astrocytes  in  vivo.  Although  the  effects  of  EGF,  IL-1  and 
TNF-a  are  less  than  those  of  FGFs,  these  3  biologically 
active  proteins  can  significantly  increase  NGF  secretion 
by  astrocytes.  Furthermore,  IL-1  and  TNF-a  act  as 
regulators  of  NGF  production  in  concert  with  FGF.  IL-1, 
TNF-a  and  EGF  may  also  play  an  important  role  in  NGF 
production  by  astrocytes  in  the  case  of  brain  damage. 
Fibroblasts  and  microglia  can  also  produce  NGF.  Acti¬ 
vated  microglia  with  LPS  were  found  to  produce  NGF36, 
and  we  have  reconfirmed  that  finding  in  the  present 
study.  On  the  other  hand  FGFs  do  not  have  significant 
effects  on  NGF  secretion  by  microglia,  but  stimulate 
NGF  production  by  fibroblasts  derived  from  meninges. 
Fibroblasts  are  a  major  component  of  a  scar  which  is  the 
vestige  of  injury,  and  thus  NGF  produced  by  fibroblasts 
and  by  activated  microglia  may  act  as  a  neurotrophic 
factor  in  the  case  of  brain  injury.  This  hypothesis  is 
presented  schematically  in  Fig.  10. 

Although  there  is  no  direct  evidence  for  NGF  produc¬ 
tion  by  astrocytes  in  vivo,  NGF  production  by  cultured 
astrocytes  has  recently  been  shown13,28.  More  recently, 
Spranger  et  al.50  reported  the  effects  of  transforming 
growth  factor-a,  bFGF,  EGF,  and  IL-1  on  NGF  synthesis 
by  astrocytes  cultured  with  the  medium  containing  a  very 
low  amount  of  FCS.  The  accumulated  evidence  clearly 
demonstrates  that  astrocytes  can  produce  NGF  (or 
NGF-like  molecules)  in  vitro.  However,  NGF  production 
by  astrocytes  is  extremely  variable.  Many  molecules  can 
regulate  NGF  production  by  astrocytes,  and  among 
these,  FGF  is  the  most  potent  regulator  of  NGF 
production  by  astrocytes,  and  the  only  factor  which  can 
display  the  mitogenic  function  by  astrocytes  in  the 


presence  of  FCS.  This  suggests  that  FGFs  stimulate  the 
function  of  ‘healthy’  astrocytes. 

FGFs  are  heparin-binding  proteins,  and  heparin  is 
known  to  modulate  the  activity  of  aFGF53.  Heparin 
enhances  the  activity  of  aFGF  in  a  serum-free  condition, 
but  reduces  it  in  the  presence  of  serum53.  All  of  the 
present  experiments  were  done  in  the  presence  of  fetal 
calf  serum.  Heparin  reduced  the  effect  of  aFGF  on  NGF 
secretion  by  astrocytes  in  our  culture  condition  (data  not 
shown),  which  agrees  with  the  findings  by  Uhlrich  et 
al.53.  The  modulation  of  the  effect  of  aFGF  on  NGF 
secretion  by  heparin,  and  the  effects  of  other  growth 
factors  and  lymphokines  in  a  serum-free  condition  are 
under  investigation. 

In  the  peripheral  nervous  system,  Schwann  cells  and 
fibroblasts  produce  NGF  after  injury25.  NGF  production 
by  fibroblasts  from  the  sciatic  nerve  is  mainly  regulated 
by  IL-1,  which  is  a  product  of  the  activated  macrophages, 
and  not  by  FGFs34.  PDGF,  which  can  increase  NGF 
production  by  the  fibroblasts  from  the  sciatic  nerve34,  has 
no  effect  on  NGF  production  by  astrocytes.  More 
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